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SUMMARY 

This  research  ^pisej^e^was  concerned  with  laser/ optical  techniques  for 
size  and  velocity  measurements  of  particles  and  droplets  In  spray  combustion 
systems.  The  Initial  efforts  were  directed  toward  a  novel  method  for 
simultaneous  size  and  velocity  measurements  of  Individual  particles.  A 
prototype  Instrument  was  designed,  constructed,  calibrated,  and  successfully 
applied.  Our  efforts  to  verify  the  performance  and  accuracy  of  this 
diagnostic  led  to  a  parallel  research  effort  on  the  laser  diffraction 
droplet  sizing  technique.  Significant  contributions  to  the  calibration  and 
scattering  Inversion  aspects  of  this  technique  were  made.  ^  Discussed  below 
are  the  contributions  to  the  problem  of  aerosol  characterl_z.aUJiO>made  as  a 
direct  result  of  this  research,  -  ^  ^  ^  ^  V]  A  ^  nr 

’  y  f/Oh  t.  ir  .rn  <'''  I  pariic^r  ..^/7 '•  '  i 

DISCUSSION  OF  RESEARCH  CONTRIBUTIONS  (LSVt>  '  ,  ,  ,  Uch>"9u^'^'  . 

/  ■  ^ 

1.  Laser  Particle-sizing  Velocimeter  -y 

The  clear  need  for  simultaneous  particle  size  and  velocity  measurements 
has  prompted  considerable  research  on  the  topic.  We  Investigated  a 
particular  light  scattering  method  for  simultaneously  measuring  two-velocity 
components  and  the  size  of  In  Ividual  particles  In  the  range  0.3  urn  -  20u 
urn.  The  LSV  technique,  originally  proposed  by  Hirleman  (1978),  uses  a  novel 
non-Doppler  technique  for  velocity  determination.  The  method  relies  on  a 
single  beam  transit-time  velocity  measurement  termed  the  LIV  as  discussed  by 
Hirleman  (1980a),  Hirleman  (1981).  One  contribution  of  the  work  was  a  new 
optical  system  design  which  Is  applicable  to  conventional  laser  two- focus 
(L2F)  velocimeters  In  addition  to  the  LSV  as  discussed  by  Hirleman  (lOttifc) 
and  Hirleman  and  Yue  (1983).  Other  researchers  have  adopted  the  velocimeter 


concepts  developed  under  this  project. 
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A  major  consideration  for  a  particle  sizing  system  is  that  of 
calibration.  The  calibration  problem  is  particularly  challenging  for  the 
LSV  which  requires  particles  of  known  and  controlled  velocity*  trajectory, 
and  size.  Conventional  methods  cannot  satisfy  these  criteria  ana  it  was 
necessary  to  develop  a  new  calibration  technique  by  modifying  a  commercial 
TSI  Model  3050  Vibrating  Orifice  Particle  Generator.  The  standard  generator 
produces  a  stream  of  monodisperse  droplets  which*  unfortunately*  are  spaced 
about  4  diameters  apart.  This  close  spacing  places  2  particles  in  the  LSV 
probe  volume  at  once  which  is  unacceptable.  We  developed  a  programmable 

charge  deflection  system  which  takes  1  out  of  2*^  droplets  out  of  the  stream 
using  selective  electrical  charging  and  a  pair  of  high  voltage  deflection 
plates.  The  system  is  described  briefly  in  Yue  et  a1 .  (1984)  and  a  follow¬ 
up  publication  with  more  detail  should  be  published  by  Anderson  and  Hirleman 
(1984). 

Once  an  adequate  calibration  system  was  available  we  then  initiated  a 
detailed  study  of  the  performance  of  the  LSV.  Theoretical  and  experimental 
analyses  of  the  instrument  agreed  well  and  indicated  the  ability  of  the  LSV 
to  measure  two  velocity  components  and  size  of  individual  droplets  using  an 
optical  system  comparable  to  that  of  a  single  component  laser  Doppler 
Velocimeter  (LSV).  We  achieved  size  broadening  of  about  20%  with  non- 
Doppler  velocity  measurements  accurate  to  about  1%.  A  unique  feature  of  the 
LSV  is  an  inherent  capability  of  characterizing  on-line  the  physical  extent 
of  the  optical  sample  volume  through  the  particle  trajectory  determination. 
The  results  of  the  LSV  study  are  presented  in  detail  by  Yue  et  al .  (1984)* 
with  some  discussion  by  Hirleman  (1984a).  An  updated  version  of  Yue  et  al  . 
(1984)  will  be  submitted  soon  to  an  archival  publication. 


Laser  diffraction  methods  for  particle  sizing  are  1 ine-of-sight  methods 
which  analyze  the  scattering  properties  of  an  ensemble  of  particles.  The 
electro- opt leal  system  required  is  considerably  less  complex  than  that  used 
in  single  particle  counting  Instruments  and  for  that  reason  the  system  is 
more  robust.  We  developed  an  in-house  version  of  a  laser  diffraction 
instrument  to  use  in  aerosol  analysis  for  comparison  with  the  LSV.  In  the 
process  of  researching  the  laser  diffraction  technology  we  observed  some 
serious  deficiencies.  In  particular  there  were  problems  with  calibration, 
operation  in  evaporating  or  combusting  sprays,  and  Inefficient  scattering 
Inversion  algorithms.  During  the  tenure  of  this  project  we  made  some 
original  research  contributions  in  these  areas. 

The  problem  of  calibration  of  particle  sizing  instruments  is  always 
difficult.  There  are,  however,  some  nice  features  of  the  laser  diffraction 
technique  which  we  exploited  in  developing  a  new  calibration  procedure. 
Laser  diffraction  methods  are  limited  to  particles  larger  than  the 
wavelength  and  in  that  scattering  regime  the  diffractively  scattered  light 
(described  by  Fraunhofer  diffraction  theory)  dominates  over  refracted  and 
reflected  light  in  near-forward  detector  configurations.  For  that  reason 
the  forward  scattering  signature  of  a  spherical  particle  is  accurately 
approximated  by  the  diffraction  from  either  an  opaque  circular  disc  or  a 
circular  aperture  of  the  same  diameter.  Our  approach  was  to  fabricate  2-D 
arrays  of  chrome  discs  using  photomask  technology  from  the  integrated 
circuit  Industry.  The  particles  were  deposited  on  a  glass  substrate  with  a 
specified  and  accurately  Known  size  distribution.  The  concept  was 
originally  proposed  by  Hirleman  (198Za,  1983a).  This  calibration  device  has 
since  become  a  defacto  standard  for  commercial  laser  diffraction  instruments 
and  is  used  by  over  30  laboratories  worldwide.  The  calibration  method  was 
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and  Is  used  by  over  30  laboratories  worldwide.  The  calibration  method  was 
further  used  with  the  support  of  this  grant  to  make  a  careful 
characterization  of  laser  diffraction  Instrument  performance  by  Hirleman 
et  al.  (1984b). 

A  major  weakness  of  laser  diffraction  Instruments  In  general  Is  a 
susceptabll Ity  to  errors  Induced  by  beam  steering  caused  by  refractive  Index 
(thermal)  gradients  along  the  beam.  This  problem  has  been  observed  by 
ourselves  during  some  laser  diffraction  experiments  performed  on  a  burning 
spray.  However  the  1 Ine-of-sight  nature  of  laser  diffraction  anu  tne 
requisite  extended  sample  volume  make  It  possible  to  verify  Instrument 
performance  and  calibration  on-line  using  the  calibration  devices  discussed 
above.  The  known  diffraction  signature  from  a  calibration  source  Is 
modulated  and  superimposed  on  the  actual  diffraction  pattern  from  the  spray. 
Phase-sensitive  detection  allows  one  to  verify  that  the  calibration  size 
distribution  Is  reconstructed  correctly  to  verify  proper  Instrument 
operations.  This  Idea  and  some  proof-of-concept  experiments  are  reported  by 
Hirleman  (1983a) . 

Another  consideration  with  laser  diffraction  Instruments  Is  the 
scattering  Inversion  software.  The  need  for  kHz  temporal  resolution  for 
turbulence  studies  requires  an  Improvement  of  about  3  orders  of  magnitude  In 
processing  speed  over  that  available  commercially  today.  For  that  reason  we 
studied  detection  strategies  In  conjunction  with  Inverse  scattering 
algorithms  to  Impact  this  problem.  Our  results  are  reported  by  Ruscel lo  ana 
Hirleman  (1981),  Hirleman  (1984a)  and  Koo  and  Hirleman  (19fi4).  We  have 
studied  an  Integral  transform  approach  which  potential  ly  can  provide  the 
speed  necessary.  Our  publications  report  on  some  detector  configurations 
which  can  be  used  to  Implement  this  fast  reconstruction  algorithm. 
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The  problem  ot  droplet  sizing  in  fuel  sprsys  has  been  the  subject  of  mnch 
research  in  recent  years.  The  size  distribntion  of  particles  and  droplets  are 
of  ornclal  importance  to  the  combnstion  processes  in  gas-tnrbine  engines, 
combnstion  of  coal  slnrriea,  liquid-foaled  ramjets,  and  solid  propellant 
rocket  motors.  The  objective  of  this  paper  is  to  study  the  merits  of  the 
integral  transform  approach  for  measuring  particle  size  distribution. 
Detailed  parametric  studies  were  made  on  both  ideal  and  noisy  data.  Factors 
affecting  the  reconstruction  of  particle  distribntion  were  examined. 


The  problaa  ot  droplet  sizing  in  foel  sprays  hss  been  the  snbject  of  anch 
research  in  recent  years. 1-4  xhe  size  distribution  of  particles  and  droplets 
are  ot  crnoial  iaportanoe  to  the  coaboation  processes  in  gas-tnrbine  engines, 
coabnstion  of  coal  slorries,  liqnid-fneled  raajets.  and  solid  propellant 
rocket  aotors.  Several  books  have  been  written  covering  general  aspects  of 
particle  size  aeaanreaent  and  aaalysis5-7  ^nd  probleas  specific  to  fuel  spray 
coabnstion  systeas.7-10  xhe  overall  ala  of  detailed  spray  analysis  in 
coabnstion  syateas  is  to  increase  coabnstion  efficiency  and  to  rednce  eaission 
of  pollntants. 

A  noaber  of  different  iaaging  aethods  have  been  nsea  for  droplet  sizing  in 
sprays,  snoh  ss  photographic  and  holographic  aethods.  A  disadvantage  of  these 
aethods  is  the  very  tedions  post-processing  ot  data  although  soae  progress  on 
qnasi-real-tiae  digital  laage  prooessingll-12  been  aade.  Single  particle 

size/velocity  analyzers  based  on  light  scattering  have  been  developed  over  a 
noaber  of  years  for  clean  rooa  aonitoring,  pollution  research  and  other 
studies. 13 ,14  Enseable  (aulti-particle)  aethods  using  light  scattering  or 
extinction  generally  Involve  relatively  staple  electro-optical  systeas.  As  a 
result,  these  techniques  are  better  suited  for  applications  requiring 
sutonoaons  operation.  The  trade-off  here  is  the  loss  of  inforaation  as  the 
data  is  generally  averaged  over  a  line-of-sight  and  droplet  velocity  can  not 
be  oDtained.  The  large  noaber  of  potential  applioatlona  and  the  wide-spread 
acceptance  ot  the  NalvernlS  laser  diffraction  particle  sizing  instrments  by 
both  the  coabnstion  research  and  industrial  coaannities  warrant  further 
research  on  the  aethod. 

The  objective  of  this  paper  is  to  study  the  aerits  of  the  integral 
tranafora  approach  for  aeasnring  particle  aize  distribution.  Detailed 


parametric  stodies  were  made  on  both  Ideal  and  noisy  data.  Factors  affecting 
the  reconstruction  of  particle  distribution  were  examined. 


For  measurement  of  sixe  distribution  of  clouds  of  particles  in  fuel  spray, 
the  Fraunhofer  diffraction  method  has  proven  to  be  one  of  the  most  convenient 
and  reliable  techiqnes.  The  classical  Fraunhofer  diffraction  theory  is  only 


rigorously  valid  for  particle  sizes  large  compared  with  the  wavelength 
(i.e.  ^  ^  10).  It  has  been  demonstrated  that  for  near-forward  scattering 
(small  6)  can  actually  be  approximated^^  by  Fraunhofer  diffraction  even  for 
particles  with  ^  m  1.  This  phenomenon  is  the  basis  for  a  number  of  small 
particle  sizing  instruments  based  on  light  scattering.  14,16 


A.  Theoretical  Aspects 

Dobbins  et  all  have  shown  that  for  particle  distributions  defined  by  an 
Upper  Limit  Distribution  Function  (no  particles  larger  than  D  ),  the  scattered 
intensity  vs  the  parameter  was  independent  of  most  probable  diameter  D 

where  D^^  is  the  Santer  Mean  Diameter.  For  this  reason, D32  can  be  obtained 
from  the  laser  diffraction  measurement  independent  of  the  form  of  size 
distribution.  The  anthorl  estimated  D32  by  measuring  the  radial  distance  at 
which  the  scattered  intensity  falls  to  10%  of  its  on-axis  value  Iq. 

Roberts  and  Webb^  carried  out  a  study  to  determine  the  sensitivity  of 
Dobbins'  method  to  different  forms  of  size  distribution.  They  conolndeu  that 
the  method  was  applicable  to  essentially  any  non-monodi sparse  particle 
distribution.  Lefebvre  et  al  have  proven  the  practical  usefulness  of  the 
method  by  an  extensive  series  of  measurements  on  fuel  atomizers  using  Dobbins' 
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method. 3 ,17,18  One  drawback  of  Dobbina*  technique  is  the  fact  that  only  the 
Dj2  rather  than  the  complete  distribution  is  measured. 

Swithenbank  et  all7,18  have  proposed  a  modified  version  of  Dobbins'  method 
based  on  the  measurement  of  the  scattered  "energy  distribution'*  rather  than 
the  intensity  distribution.  Light  is  collected  in  an  entire  annular  ring  at  a 
given  angle  in  the  focal  plane  rather  than  by  a  small  detector.  The  general 
result  is  that  one  can  determine  the  entire  size  distribution  rather  than 
only  D32. 

The  near-forward  scattering  intensity  ~  1(8) /I (0)  frost  a  general 
polydisperse  aerosol  is  given  by: 


Iq  *  Cj  j*  (x0)x^n(z)dx  (1) 

o 

trA 

Where:  x  is  the  particle  size  parameter  given  by  _ _ 

X 

n(x)  is  the  particle  size  distribution  function, 

0  is  the  scattering  angle  (approximation  sin0  »  e  has  been  made), 
is  a  Bessel  function  of  the  first  kind  and  of  order  unity, 
is  a  constant. 

Equation  (1)  assumes  that  multiple  scattering  is  insignificant  and  Fraunhofer 
diffraction  applies. 

The  essence  of  the  general  laser  diffraction  particle  sizing  problem  is  to 
invert  equation  (1)  to  determine  n(x)  from  the  measured  values  of  I.. 

Equation  (1)  can  be  rewritten  in  a  discretized  form 

n 

s 

l0  -  Cl  5  jJ(x^0)n(Xj)x5Ax  (2) 

i-1 
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where  n  is  the  nimber  of  discrete  particle  sizes.  Now  let  N,  »  n(z,)Az>  be 
s  i  i 

2 

the  noaber  of  particles  is  the  ith  sixe  interval  and  define  ^i^i 

is  proportional  to  the  projected  particle  area  in  the  ith  size  interval.  Then 
equation  (2)  can  be  rearranged  aa  follows: 

n 

s 

■  'l  I  <3> 

i=l 

For  a  seriea  of  meaaoreaents  at  n^  aeparate  scattering  angles.  Equation  (3) 
can  be  represented  as  a  ayatea  of  n^  equations  in  ng  unknowns: 

I  =  CA  (4) 

where:  I  is  the  scattering  intensity  swasnreaent  vector  of  length  n^, 

C  is  an  n^  by  ng  scattering  influence  coefficient  aatrix; 

and  A  is  the  unknown  area  distribution  solution  vector  of  length  n,. 

Real  detectors  do  not  aeasure  intensity  but  radiant  flux,  or  intensity 
integrated  over  the  finite  area  of  the  detector.  Thus,  the  aeasured 
scattering  pattern  will  not  be  just  proportional  to  1^.  but  will  require 
integration  of  equations  (2)  or  (3)  over  the  finite  A9  window  for  each 
detector. 

B.  Experiaental  Apparatus 

The  basic  concept  ot  the  laser  diffraction  particle  sizing  aethod  is 
illustrated  in  Figure  1.  A  colliaated  aonoohroaatic  laaer  beaa  la  passed 
through  the  particle  field.  A  Fourier  transfora  lens  is  usea  to  direct  the 
light  pattern  onto  a  photodector.  When  partlclea  ot  different  sizea  are 
present  in  the  light  bean,  a  series  of  dark  and  light 


.-V--., 
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Schematic  ot  laser  dlffractloo  apparatna  for  droplet  sizing 


rings  are  generated  at  varlons  radii,  each  light  ring  being  a  function  ot 
particle  siae.  The  analysis  of  the  neasared  light  intensity  distribution  into 
particle  size  distribution  is  done  by  using  appropriate  nnaerical  inversion 


techniques. 

C.  Nmaerical  Scheae 

The  diffraction  pattern  is  the  sum  of  Bessel-squared  terms,  each  with  a 
different  weighting  coefficient  given  by  the  particle  number  or  surface  area 
distribution. 

There  are  two  basic  approaches  in  solving  the  equations  for  n(z).  either 
an  integral  (or  series)  Bessel  transform  on  Equation  (2)  or  a  matrix  inversion 
process  on  Equation  (3).  The  two  approachea  are  discussed  below: 

a.  Beaael  Transform  Inversion 

Chin  et  ail9  (195S)  were  the  first  group  of  workers  that  attempted  to 
perform  an  integral  transform  on  Equation  (2)  for  droplet  sizing.  Equation 
(2)  is  a  classical  Fredholm  equation  of  the  first  kind. 20  An  inversion 

relation  doe  to  Titchmarsh  21  giyet  the  distribution  fnnctionlO; 


n(x)x^  - 
where 

C2 


j,(xe)Y,  (xe)xe  Lce^i.ide 

^  ^  de  ® 


o 

is  the  first  order  Bessel  function  of  the  second  kind, 
is  a  proportionality  constant. 


(5) 


For  practical  purposes,  intensity  measurements  can  only  be  made  over  a 
finite  range  ot  scattering  angles  0.  In  the  ease  of  minimum  angle  it  is 

limited  by  the  overwhelming  intensity  of  undiffraoted  light  near  the  axis  at 
9*0.  For  upper  boundary,  9^sx  will  be  controlled  by  decreasing  scattering 


intensity  it  larger  angles,  i.e.  signal/noise  detection  considerations.  Based 
on  the  above,  the  Bessel  transfora  integral  of  Equation  (2)  is  approxiaated 


as: 


n(z)x 


2 


K 


e 


aax 


/ 

«ain 


L  (e^Ke)) 

de 


(ze)i^(xe)xede 


(6) 


Chinl9  et  al,  Abiss22,  Fyaat23  and  Knaoello  and  Hirleaan24  studied  the 
scattering  problea  and  found  that  this  integral  transfora  aethod  is  feasible. 

The  accuracy  of  reconstructing  size  distribution  of  different  types  of 
particle  saze  distribution  vill  be  discussed  in  the  last  sections.  Potential 
paraaeters  of  iaportancea  are  Ae  and  the  ezperiaental  errors  in 

I^.  Results  of  soae  coaputer  experiaents  in  the  solution  of  Equation  (5)  are 
shown  in  the  following  section.  The  results  in  the  following  section  indicate 
that  droplet  size  dlstribntions  can  be  accurately  reconstructed  with  this 
technique. 


b.  Matrix  Inversion  Methods 

The  second  spproach  to  the  problea  is  to  solve  a  discretizeu  version  ot 
Equation  (2)  by  inverting  the  influence  coefficient  aatrlx  C.  Unfortunately  C 
is  ill-conditioned  and  near  singular,  asking  it  iapractical  to  invert 
directly.  Due  to  the  above  nature,  this  becoaes  an  ill-condition  inverse 
problea.  For  this  reason,  least  squares  or  ainiaization  of  error  solutions 
are  generally  atteapted.  A  set  of  values  for  a^(x)  are  found  which  ainiaize 
the  sna  square  error  between  the  ezperiaental  aeasnreaent  vector  I  and  the 
aatrix  product  CA  in  Eq.  (2).  Nuaeroua  workers  have  studied  this 
approach, including  Felton2S  ,  Alger2d  ,  Caroon  and  Boraan27  ,  Rnscello  and 
Hirleaan24f  and  aany  others.  The  accuracy  of  the  aethod  of  previous  workers 
shows  satisfactory  results. 


Ill 


T 


.  Particle  Six«  Dittribation  Punctioif  for  Sprayt 

A  nuDber  of  matheBatical  ezpreasioiis28.29  have  been  developed  to  model  the 
droplet  size  distribations  of  sprays.  Generally  aeaaored  size  distributions 
are  discretizea.  Fonr  typical  aize  distribations  are  shown  in  the  following; 

a.  Arithaetic  normal  diatribatioa29  hy  nnaber 


dN  1  (d-J)^ 

_  -  -  ezp  -  - 

dd  aJZK  2a 


where  H  is  the  wean  size,  a  is  the  standard  deviation 


(7) 


b.  Log-noraal  distribution 

This  equation  has  resulted  free  the  application  of  a  statistical  analysis 
of  the  breakup  of  liquids.  The  size  distribution  is  based  on  an  expression 
such  as  the  folloving:29 

dd  nJIW  od^  ^  2a^  \  ^  I 


where  3  is  the  aedian  for  the  log-noraal  distribution  and  a  is  the  standard 
deviation. 

c.  Soain-Raaaler  distribution 

This  equation  was  originally  developed  to  express  the  size  distribution  of 
pulverized  fuel  and  is  usually  expressed  in  the  fora, 31 


S  ■  exp  <-(d/3)*^) 


(9) 
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where  R  is  the  woloae  fraction  of  particles  with  diSBeters  greater  than  d,  3 
is  the  Rosin-Raaialer  mean  diasieter.  and  N  is  a  paraneter  related  to  the  width 
of  the  distribution. 


Differentiating  equation  (9)  glwea29: 


dV 

dd 


oxp(-(d/d)^) 


(10) 


d.  Nnkij aaa-Tanasawa  distribution 

This  equation  has  the  following  fora. 29 

—  -  ax  expC-bd*^)  (11) 

dd 

where  a  is  a  constant  and  ^  waries  little  froai  nnity. 

The  acove  fora  types  of  sise  distribntion  were  need  in  the  coapnter 
ezperiaents  and  resnlts  will  be  discussed  in  Section  IV. 

IV.  Factors  Affectina  Reconstruction  of  Particle  Siie  Distribution 

Soae  ezaaples  for  the  reconstructing  of  the  size  distribntion  will  now  be 
discussed. 

In  general,  only  three  aajor  factors  will  be  affecting  the  inwerting  of 
the  scattering  data.  They  are  (a)  Maziaua  allowable  angle  ,  (b)  Angular 

Resolution  (A6) ,  and  (o)  Noise. 

In  actual  ezpariaents,  the  ideal  behavior  of  scattered  light  intensity 
1(0)  would  be  degraded  by  optical,  electronic  or  aechanical  noise.  Different 
workers  have  proposed  various  aethods  in  aodelling  noise  in  their  snalyses. 


In  practice,  the  ncaaored  light  intensity  1(0)  is  equal  to  the  theoretical 
intensity  lt(0)  with  added  noise  in  the  following  manner, 

lei§)  -  IjW  +  «(0)  r/2) 

The  s(e)  term  can  be  simnlated  to  inelude  three  contributions: 

(a)  a  normally  diatribnted  random  error  with  a  standard  dewiation 
proportional  to  the  magnitude  of  1^(0). 

(b)  a  normally  distributed  random  error  with  a  constant  standard 
deviation  independent  of  the  local  value  of  1(0)22.  xhe  standard 
deviation  can  be  normalised  by  the  on-axia  scattering  intensity  1(0) 
or  by  the  KO^nx)  at  the  maximum  scattering  angle. 

(o)  a  normally  distributed  random  error  with  standard  deviation  (0)  which 
is  a  function  of  this  scattering  angle  as  in  b(0)  «  Cs(0)0”. 

The  above  contributions  can  be  represented  with  an  error  expression 
in  the  following  form. 

s(0)  -  a  +  b0“  +  cI^(O) 

where  a.  b,  c.  and  m  are  arbitrary  constants. 

In  sll  the  computer  experisrants.  the  initial  conditions  for  the  random 
number  generator  were  made  the  same,  so  that  identical  sequences  of  random 
numbers  were  produced  and  the  effects  of  errors  arising  from  the  background 
and  intensity-dependent  noise  sources  can  be  separately  investigated. 

A  log  normal  particle  sixe  distribution  with  a  geometric  mean  sise  equals 
45  |im  and  a  geometric  standard  deviation  of  1.1  (denoted  by  LN-45.  l.l;  was 
used  for  the  parametric  studies  throughout  this  paper. 


MaKimoM  Allowbld  Aa«le 


Figure  2  shows  s  typical  noiseless  plot  of  intensity,  I(0)/I(0)  with 

d  (0^  I  (0) ) 

scattering  angle.  0  for  0bsz  ~  3**  and  X  ~  0.6328  pa.  The  ten  in 

de 

equation  (6)  was  plotted  againat  (0)  in  figure  3  to  serve  as  a  criterion  in 
detenining  the  O^x  walne  for  experiaental  and  nuaerical  pnrposes. 

Figures  4-6  clearly  shows  that  when  O^xx  departs  trcm  its  optiaal  value, 
the  quality  of  reconstruction  of  particle  size  distribution  degrades. The 
values  of  O^ax  were  set  at  3°  and  10**.  In  the  preaent  case  Obsz  ■  3** 

seeas  to  be  an  optiaal  value  for  reconatruction  of  the  particle  size 
distribution.  Saaller  values  nnderpredieted  the  assnaed  size  distribution. 
Higher  values  do  not  provide  a  anffioient  iaprovaent  in  accuracy  to  Justify 
the  increase  in  coaputational  tiae. 


Annular  Eesolntion 


After  detenining  the  optiaal  forward  cone  value  we  investigated  the 
effect  Of  the  angular  resolution,  A0.  The  results  are  illustrated  in  Figures 
7-9  which  show  that  independent  of  A0,  the  aode  radius  seeas  to  be  accurately 
located  in  position  but  not  in  aagnitude.  This  indicates  that  with  a  proper 

choice  ox  Oaaz,  even  a  rough  ezperiaent  with  a  saall  aaount  of  data  collected 
would  yield  the  aode  radius.  For  finer  resolution  (saaller  AO  values)  the 
results  iaprove  considerably  across  the  whole  distribution,  and  tend 
asyaptotically  to  the  asauaed  distribotion.  However,  beyond  a  certain  AO, 
there  does  not  seea  to  be  any  substantial 

iaproveaent  in  the  retrieval.  Nuaerically,  AO  is  restricted  by  the  need  to 


coapute 


d (0^1(0)) 
dO 


accurately  in  equation  (9). 
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LOG  NORMAL  (LN-45.,1.1) 


LOG  NORMAL  DISTRIBUTION  {LN-50.,1.1)  ERR 


Figure  9.  Effect  of  angular  resolution  on  the  reconstruction  of 


particle  distribution  at  A0  ■■  0.96xl0~3 


Size  distribations  were  alio  reconstracted  froai  the  iavertion  of  noisy 
data  generated  by  the  methods  discnased  in  the  previous  sections.  For  this 


stndy,  was  set  at  3®  tad*  ^6  at  a  0.0299®. 

Figures  10  and  11  show  the  plot  of  intensity  vs.  scattering  angle  and 


d(de'l(e)) 


term  vs.  6  with  random  noise  added. 


Normally  distributed  random  noise  was  added  as  a  constant  percentage  of 
the  local  value  of  1(8).  S.  10  and  20%  of  the  local  values  of  1(8)  were  used. 
Figures  12-14  show  the  reconstitution  of  particle  size  using  5,  10  and  20%  of 
the  randomly  generated  noise.  The  results  clearly  show  that  it  is  possible  to 
reconstruct  the  particle  size  distribution  with  up  to  20%  localized  noise. 

Figures  15-18  show  the  reooustruotlon  of  particle  size  distribution  using 
normally  distributed  random  errors  with  a  constant  standard  deviation  bated  on 
the  peak  intensity.  1(0).  The  noise  levels  simulated  detector  dynamic  ranges 
of  102,  io3,  io4  and  10^.  Adequate  reconstruction  of  the  size  distribution 
can  be  ootalned  at  a  dynamic  range  of  104.  By  way  of  reference,  note  that 
specifications  ot  dynamic  range  for  typical  linear  photodiode  arrays  (e.g. 
Reticon)  with  equal  area  detector  elements  are  of  the  order  100:1.  The 
corresponding  results  in  Fig.  IS  suggest  that  a  standard  diode  array  will  not 
be  an  acceptable  detection  system  for  size  distribution  measurements  by  this 


method. 


VI.  Conclusions 

This  stndy  has  led  to  the  following  conclusions: 

1.  The  size  distribution  of  spherical  particles  can  be  retrieved  from  the 
diffraction  of  light.  The  integral  transform  approach  provides  a  good 
solution  for  low  noise  levels. 


DISTRIBUTION  (LN-50.,1.1)  ERR=0.,.001 
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2.  With  proper  forward  cone  angle  On,*)  and  angular  resolution  (AO),  the 
solution  is  not  seriously  affected  by  random  and  systematic  noise. 

3.  Examination  of  the  integrand  of  the  inversion  formula  can  give  insigut 

in  determining  the  to  adequately  reconstruct  size  distribution. 
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Nonintrusive  Laser-Based  Particle  Diagnostics 


E.  Dan  Elirleman* 

Arizona  Slate  University,  Tetnpe,  Arizona 


Abstract 

The  evolution  of  nonintrusive  optical  techniques  for 
particle  size  analysis  has  provided  an  array  of  powerful 
diagnostics.  The  techniques  either  probe  the  light 
scattering/attenuation  properties  of  the  aerosol  particles 
or  form  photographic  or  holographic  Images.  This  paper 
discusses  the  theoretical  basis  for  In  situ  particle  sizing 
techniques  and  reviews  some  practical  applications  as  well. 
A  number  of  subtle  considerations  which  affect  the  reliabil¬ 
ity  and  Interpretation  of  data  from  optical  particle  sizing 
instruments  are  discussed. 
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Nomencl ature 

partial  light  scattering  cross  section 
particle  diameter 

vol ume-to-surface  area  mean  diameter 
differential  light  scattering  cross  section 
scattering  Intensity  functions 

intensity  or  time-averaged  radiant  energy  per  unit 

area  normal  to  the  propagation  direction 

scattered  Intensity 

Intensity  Incident  upon  a  particle 

spherical  Bessel  function  of  first  kind  and  first 

order 

proportionality  constant  In  Eq.  (7) 

complex  refractive  Index 

particle  number  distribution  function 

exponent  parameter  for  Rosin-Rammler  particle  size 

distribution 
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Pgc  =  scattered  optical  power 

r  =  distance  from  origin  to  observation  point  in 

particle  centered  light  scattering  coordinate  systeT 

5  =  light  scattering  signal  amplitude 

X  =  mean  diameter  In  Rosin-Rammler  particle  size 
d1  stn  butlon 

Oi  =  particle  size  parameter  rrd/X 

6  =  fringe  spacing 

X  =  wavelength 

6  =  scattering  angle  measured  from  the  incicent  beam 

propagation  vector 

<P  =  azimuthal  scattering  angle 


Introduction 

There  are  many  Instances  when  conventional  oatch 
sampling  methods  for  particle  size  analysis  are  eitner 
impractical  or  impossible  to  implement.  Further,  it  s 
often  the  case  that  the  intrusive  nature  of  sampling  metnucs 
Introduce  unacceptable  levels  of  interference  into  '  v; 
aerosol  flow  of  interest.  For  these  reasons  the  devel opr  ^ 
of  nonintrusive  optical  diagnostics  for  particle  size 
concentration  measurements  has  been  the  objective  c 
significant  amount  of  research  and  development.  Successf  . 
applications  of  this  technology  are  being  reported  wit^' 
increasing  frequency. 

Optical  techniques  for  particle  measurements  car 
divided  Into  three  broad  areas.  First,  photographic  ano 
holographic  methods  analyze  simultaneously  recorded  images 
of  a  number  of  Individual  particles  to  build  a  discrete 
particle  size  histogram.  Secondly,  ensemble  or  multi¬ 
particle  analyzing  methods  utilize  aggregate  light 
scattering  or  extinction  propert'^es  of  a  large  number  of 
particles  to  determine  parameters  of  the  particle  size 
distribution.  Finally,  single  particle  counters  (SPC)  size 
and  count  Individual  particles  traversing  a  relatively  small 
optical  sample  volume,  and  a  sequence  of  particles  are 
sampled  in  order  to  build  up  a  discrete  size  di stri buf or , 
The  three  approaches  are  complementary  in  the  sense  that 
they  are  optimized  for  different  types  of  applications. 

Single  particle  counters  are  the  optimum  choice  tc 
analyzing  particles  greater  than  about  0.3  pm  in  applica¬ 
tions  demanding  high  specificity  and  the  potential  fc 
simultaneous  velocity  measurements.  The  existing  commerci.; 
technology  of  Imaging  techniques  is  generally  limitea  t(' 
particles  larger  than  a  few  micrometers  with  time  response 
longer  than  a  few  seconds.  Imaging  techniques  can  prov' cc 
information  on  particle  morphology  not  retrievable  witn 
light  scattering  methods.  Ensemble  methods  generally 
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require  less  sophisticated  optical  systems  for  Implementa¬ 
tion  but  Inherently  provide  less  Information  as  the  optical 
characteristics  of  the  individual  particles  are  superimposed 
and  can  never  be  totally  recovered. 

This  paper  first  presents  a  brief  discussion  of  the 
fundamental  principles  of  light  scattering  which  underlie 
laser-based  particle  sizing  technology.  Then  details  of 
some  of  the  techniques  for  nonintrusive  particle  diagnostics 
are  reviewed.  For  the  purposes  of  this  paper  an  Instrument 
Is  considered  to  be  nonintrusive  If  no  sampling  probes  are 
Involved  and  the  working  space  between  optical  elements  and 
the  optical  measurement  volume  Is  on  the  order  of  10  cm  or 
greater. 

Light  Scattering  by  Particles 

An  Infinite*  planar  electromagnetic  wave  can  propagate 
through  a  homogeneous*  nonabsorbing  medium  undisturbed. 
This  propagation  Is  rigorously  described  by  Maxwell’s 
equations. 1  However  1t  Is  also  useful  to  consider  Huygens' 
principle^  which  states  that  each  point  on  a  wavefront 
(surface  of  constant  phase  in  the  electromagnetic  wave 
field)  serves  as  the  source  of  spherical  secondary  wavelets 
such  that  the  wavefront  at  some  later  time  Is  determined  by 
the  envelope  of  these  wavelets.  The  secondary  wavelets 
propagate  with  the  same  frequency  and  speed  as  the  primary 
wave  would  at  each  point  In  space.  The  fact  that  an 
Infinite  planar  wavefront  In  a  homogeneous  medium  propagates 
as  a  plane  wave  Is  readily  visualized  with  Huygens' 

construction. 2 

If  we  consider  the  homogeneous  medium  to  be  a  gas*  then 
the  secondary  wavelets  derive  from  electrons  in  the  mole¬ 
cules  comprising  the  gas  which  are  harmonically  accelerated 
by  the  time-varying  E-fleld  In  the  electromagnetic  wave. 
This  occurs  because  each  accelerating  electron*  by  virtue  of 
Ampere's  and  Faraday's  Laws*2  produces  Its  own  secondary 
electromagnetic  wave  (I.e.  a  scattered  wavelet)  which 
propagates  spherically  outward.  The  superposition  of  these 
scattered  wavelets  with  the  unscattered  Incident  wave  define 
the  entire  electromagnetic  field.  From  a  quantum  point  of 
view*  the  gas  molecule  absorbs  a  photon  which  causes  an 
electron  to  be  excited  Into  a  virtual  (unstable  or  disal¬ 
lowed)  state  for  a  very  short  (<  psec)  time.  In  elastic 
scattering  events  of  Interest  here  the  electron  then  drops 
back  to  Its  original  state  emitting  a  second  photon  of  the 
same  frequency  as  the  Incident  photon.  This  emission  or 
scattering  process  Is  random  in  the  sense  that  the  photon 
can  propagate  with  equal  probability  In  any  direction  (at 
least  In  the  plane  normal  to  the  polarization  vector  of  the 
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Incident  E-fleld).  The  memory  of  the  molecule  retains  on! 
the  phase  and  polarization  of  the  Incident  photon  and  no 
the  direction  of  Incidence. 

It  is  also  possible  for  the  energy  coupled  into  the 
electron  from  the  Incident  photon  to  be  dissipated  by 
collisions  of  the  excited  electron  with  other  nuclei  or 
electrons.  In  that  situation  the  photon  energy  would  have 
been  absorbed  and  converted  into  thermal  (Internal  kinetic) 
energy.  Both  the  scattering  and  absorption  processes  are 
Included  In  rigorous  light  scattering  theory. 

Individual  Spherical  Particles 

The  parameters  controlling  the  scattering  of  planar 
electromagnetic  radiation  by  Isolated  spherical  particles 
are  the  size  parameter  a$  the  complex  refractive  index  n  of 
the  particle  relative  to  the  surroundings,  and  the  polariza¬ 
tion  state  of  the  Incident  radiation.  The  three  scattering 
regimes  of  Importance  can  be  delineated  as  Rayleigh  scat¬ 
tering  forQ;<<  1,  geometric  optics  for  o;  >>  1,  and  Lorenz-Mie 
scattering  for  o;  -  1.  For  visible  radiation  Rayleigh 
scattering  approximations  are  valid  for  particle  diameters 
d  <  0.05  pm,  and  geometric  optics  approximations  for  roughly 
d  >  5  pm.  In  the  Rayleigh  regime  all  of  the  electrons  (or 
charge  dipoles)  In  a  particle  are  subjected  to  the  same 
E-field  by  virtue  of  their  close  proximity  (relative  to  the 
wavelength)  and  therefore  oscillate  in  phase.  The  proper¬ 
ties  of  the  scattered  radiation  are  then  given  in  a  very 
simple  form  applicable  to  the  harmonic  oscillation  of  a 
charge  dipole.  In  the  geometric  optics  limit,  the  wave¬ 
length  is  much  smaller  than  the  particle  dimensions  and  the 
Incident  radiation  can  be  considered  to  be  a  bundle  of  rays. 
The  scattered  field  at  any  point  distant  from  the  particle 
(far  field)  can  be  calculated  by  coherent  superposition  of 
the  refracted  and  reflected  rays  with  the  diffracted  field. 

In  contrast  with  the  Rayleigh  scattering  and  geometric 
optics  regimes,  no  approximations  are  possible  for  particle 
sizes  on  the  order  of  the  wavelength  and  the  complete  set  of 
Maxwell’s  equations  must  be  solved  for  the  particle  and  the 
surroundings.  The  theoretical  difficulties  here  arise  from 
the  fact  that  the  E-flelds  experienced  by  the  various 
electrons  or  charge  dipoles  distributed  throughout  the 
particle  depend  on  position,  and  therefore  these  electrons 
emit  secondary  wavelets  which  are  out  of  phase.  The 
formulation  for  this  Intermediate  case,  known  as  Lorenz-Mie 
theory,  is  the  general  solution  for  all  particle  sizes. 
Exhaustive  treatises  of  light  scattering  are  given  by  van  de 
Hulst^  and  Kerker.^  (Computer  codes  for  calculating  the 
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Fig.  1  Light  scattering  coordinate  system.  The  functions  ij^  and 
I2  are  for  scattered  light  polarized  perpendicular  and  parallel  to 
the  scattering  plane  respectively. 


scattering  characteristics  of  spherical  particles  of 
arbitrary  size  are  readily  available. 

Consider  the  scattering  geometry  in  Fig.  1  with  a 
particle  at  the  origin  illuminated  by  linearly  polarized 
electromagnetic  radiation  propagating  in  the  +z  direction 
with  incident  intensity  line*  scattered  intensity 

at  some  point  a  distance  r  from  the  origin  is  given  by 

Isc  =  [i2^(Q'»n,0)sin2(;p  +  i2(Q'»n,0)cos2(;p]  (1) 

47r2r2 

where  i^  and  i2  are  dimensionless  intensity  functions  for 
scattered  light  polarized  perpendicular  and  parallel  to  the 
scattering  plane,  respectively.  The  functions  i]^  and  ^2 
composed  of  spherical  Bessel  and  associated  Legendre 
functions  and  their  first  derivatives,  and  are  integral 
parts  of  Lorenz-Mie  theory. It  is  convenient  to 
normalize  Eq.  (1)  by  the  incident  intensity  and  other 
constants  and  define  the  differential  scattering  cross 
section  F; 


F  -  i]^(Q;,n,0)sin2<p -f  i2(Q!,n,0)co52<p  (2) 

Some  computations  of  F  are  shown^  in  Figs,  2-4.  Figure  2 
indicates  the  angular  dependence  of  the  scattered  light  for 
particle  diameters  of  0.1,  0.5,  and  1.0  pm,  and  Fig.  3  for 
5.0  and  10.0pm  particles  as  well.  Note  the  lobe  structure 
which  becomes  a  dominant  factor  as  particle  size  increases. 
Figure  4  indicates  the  dependence  of  F  on  particle  size.  In 
the  Rayleigh  regime  F  increases  as  diameter  to  the  sixth 
power,  and  then  gradually  changes  to  a  diameter-squared 
dependence  in  the  geometric  optics  regime.  The  oscillations 
present  for  0  =  45  and  90  deg  in  Fig.  4  are  typical  for  off- 
axis  scattering  of  nonabsorbing  (no  imaginary  component  of 
the  refractive  index)  particles.  Forward  scattering  (small 
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Fig.  2  Lorenz-M1e  theory  calculations  ot  differential  scattering 
cross-section  F  as  a  function  of  scattering  angle  0  for  various 
particle  diameters  after  Handa  et  al.5 


0)  properties  generally  display  much  less  structure  as  Is 
also  evident  In  Fig.  4, 

The  radiant  power  Pgc  scattered  Into  a  detector  with  a 
finite  collection  aperture  Is  obtained  by  Integrating  the 
scattered  Intensity  over  the  solid  angle  subtended  by  the 
detector 


_  I 


If 


F(a.n,0»(p)  s1n0 


The  partial  scattering  cross  section  for  a  particular 
detector  is  defined  as  the  scattered  power  divided  by  the 
Incident  intensity 


If 


Fiafr\,9,<p)  s1n0  d0  d<p 


Note  that  Eqs.  (3)  and  (4)  apply  In  a  practical  measuring 
system  only  If  the  scattered  light  wave  experiences  negligi¬ 
ble  distortion  due  to  secondary  scattering  off  of  other 
particles  In  the  field  before  reaching  the  detector.  In 
other  words  Eqs.  (3)  and  (4)  are  applicable  In  single 


9SNd«X3  INBMNbBAOO  IV 


183 


NONINTRUSIVE  LASER-BASED  PARTICLE  DIAGNOSTICS 


F1g.  3  Lorenz-Mie  theory  calculations  or  differential  scattering 
cross-section  F  as  a  function  of  scattering  angle  0  for  various 
particle  diameters  after  Handa  et  al.5 


scattering  aerosols  and  must  be  altered  when  multiple 
scattering  (secondary  scattering  events)  is  significant. 

Indi^Jilual  Nonsoherlcal  Particles 

It  is  not  possible  at  present  to  calculate  the 
scattering  and  absorption  characteristics  of  particles  of 
arbitrary  shape  and  refractive  Index.  There  has*  however, 
been  some  progress  on  theoretical  models  and  calculations 
for  certain  nonspherical  shapes  such  as  ellipsoids,'^ 
spheroi ds,^»^  clusters  of  spheres, 8  and  cylinders. ^  The 
calculations  are  often  valid  for  only  limited  values  of 
refractive  Index. 

Some  experimental  work  on  the  scattering  character¬ 
istics  of  nonspherical  particles  has  been  performed.  The 


3SN3dXJ  iN3WN«3AOO  IV  a3DnaOdd3« 


I 


» 


i 


» 


» 


I 


184 


E.D.  HIRLt./ 


I  ?4 


particle  diameter 

Fig.  4  Lorenz-MIe  theory  calculations  of  differential  scattc-ri  ■ 
cross-section  F  as  a  function  of  particle  diameter  for  various  • 
after  Handa  et  al .5 


use  of  microwave  radiation  with  wavelengths  on  the  order  of 
1  cm  permits  the  study  of  scattering  by  arbitr:;  , 
shapes. Forward  scattering  by  agglomerates  of  spher-:- 
cal  particles  has  also  been  observed  experimental ly.l2 

The  results  of  these  studies  indicate  that 
near-forward  scattering  characteristics  of  nonspherica 
particles  are  predicted  reasonably  well  by  calculations  for 
spherical  particles  of  equal  cross-sectional  area.  The 
off-axis  scattering  characteristics  however  are  strong'v 
dependent  on  the  detailed  particle  shape.  Concerninc 
extinction  (scattering  plus  absorption)  spheres  of  eque' 
volume  or  surface  area  have  been  used  to  approximate  thes 
optical  properties  of  nonspherical  particles. ^3 

Si^Atterinq.  by  an  Ensemble  of  Particles 

Often  in  particle  diagnostics  experiments  it  is  either 
undesirable  or  impossible  to  define  an  optical  sample  velum-.? 
small  enough  to  ensure  that  less  than  one  particle  on 
average  is  in  the  volume.  In  that  case  the  aggrecate 

scattering  properties  of  a  ntmiber  of  particles  are  measured. 
Interpretation  of  the  resulting  ensemble  or  mul ti par ti cl u 
scattering  measurements  (not  to  be  confused  with  multiple 
scattering)  is  straightforward  if  the  detected  light  has 

undergone  only  one  scattering  event.  That  is,  if  sirgle 

scattering  is  predominant  then  the  presence  of  other 

particles  in  the  aerosol  cloud  has  a  negligible  effect.  In 
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that  situation  light  scattering  In  the  far  field  1s  just  tf  t 
superposition  of  Isolated  single  scattering  contri  t: uti  or  s 
from  each  particle  In  the  scattering  volume.  If  there  are 
very  large  number  of  randomly  positioned  particles  m  t"- 
optlcal  sample  volume  then  superposition  of  t^  e  scattere: 
Intensity  contributions  (Incoherent  scatter)  describes 
ensemble  scattering  properties.  Conversely,  if  there  arc 
either  relatively  few  particles  or  the  particles  are 
positioned  In  regular  or  quasi-ordered  fashion  then  irter- 
ference  phenomena  become  Important  and  the  superposition 
must  use  scattered  E-flelds  (coherent  scatter)  rather  than 
Intensities. 

There  are  practical  situations  where  single  scattering 
approximations  are  not  valid.  For  example  two  particles 
spaced  closer  than  a  few  diameters  apart  will  scatter  as  a 
single  entity  and  Lorenz-MIe  theory  would  not  apply. 
Fortunately  this  situation  occurs  rather  Infrequently.  Of 
more  practical  concern  Is  the  case  where  the  particles  on 
average  are  well  separated  but  particles  adjacent  to  the 
sample  volume  distort  the  scattered  wave  before  It  reaches 
the  detector. 

Multiple  Scattering 

As  the  physical  size  of  an  aerosol  cloud  Increases,  the 
probability  that  a  scattered  photon  or  ray  will  encounter 
another  particle  and  be  scattered  again  before  leaving  the 
aerosol  Increases  as  well.  This  phenomenon,  termed  multiple 
scattering,  will  clearly  alter  the  characteristics  of  the 
scattered  light  which  finally  reaches  the  detector  of  a 
diagnostic  Instrument.  Therefore  the  presence  rf  multiple 
scattering  significantly  complicates  the  interpretation  of 
light  scattering  measurements.  The  level  of  multiple  scat¬ 
tering  can  be  ascertained  from  the  level  of  attenuation  of 
the  Incident  beam.  For  an  axisymmetric  aerosol  with  a 
centered  optical  sample  volume  the  fraction  of  detected 
scattered  light  which  has  undergone  only  one  scattering 
event  Is  approximately  equal  to  the  square  root  of  the 
fraction  transmission  of  the  Incident  beam.  Some  degree  of 
multiple  scattering  Is  Inherent  In  all  measurements  and  the 
significance  of  this  effect  depends  on  the  application.  In 
particular,  the  anisotropy  of  the  single  scattering  signa¬ 
ture  of  the  aerosol  of  Interest  plays  a  significant  role  In 
determining  the  sensitivity  of  measurements  to  multiple 
scattering.  For  example,  Felton^^  performed  a  series  of 
laser  diffraction  particle  size  measurements  on  45  pm  poly¬ 
styrene  latex  spheres  In  a  water  flow  cell.  The  ensemble 
scattering  method  assumed  that  the  particle  size  distri¬ 
bution  was  Rosin-Rammler  and  determined  the  mean  diameter 
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and  a  width  parameter.  Measurements  were  taken  for  a  series 
of  latex  particle  concentrations  which  gave  transmission 
fractions  from  0.92  to  0.03.  With  increasing  concentrations 
(decreasing  optical  transmission)  the  mean  diameter 
decreased  as  expected  since  the  secondary  scattering  events 
further  diffused  the  forward  scattered  light  giving  the 
appearance  of  smaller  particles.  At  50%  transmission 
Felton^^  observed  approximately  a  5%  decrease  in  apparent 
mean  diameter  relative  to  the  high  transmission  (single 
scattering)  limit. 

Ensemble  (Mul ti particl e)  Sizing  Techniques 

Optical  techniques  which  analyze  the  light  scattering 
and  extinction  properties  of  an  ensemble  of  particles  are 
invaluable  in  some  applications.  For  measurements  of 
particles  smaller  than  about  0.1  pm,  ensemble  methods  are 
the  only  viable  options  since  SPC  and  imaging  techniques 
generally  cannot  distinguish  these  particles.  The  low.r 
size  limit  of  a  typical  SPC  is  determined  by  one  of  ' 
factors.  First,  scattering  signals  from  indiviaual  sra  ‘ 
particles  become  rapidly  indistinguishable  from  dete  cr 
shot  noise  since  the  scattering  cross  sections  decrease  a i> 
d^  in  the  Rayleigh  regime.  Second,  typical  particle  nunrer 
densities  increase  as  d”^  (Junge  distribution)  making  - 
eventually  impossible  to  maintain  the  presence  of  only  c 
particle  in  the  optical  sample  volume.  Imaging  techniqes 
are  useless  for  particles  smaller  than  several  wavelengi  s- 
and  since  visible  or  in  some  cases  near  ultraviolet 
radiation  is  generally  used  imaging  methods  are  limitea  to 
particles  several  pm  and  above. 

Ensemble  measurements  inherently  contain  less  informa¬ 
tion  than  SPC  and  imaging  data  as  the  scattering  or 
extinction  is  averaged  over  all  particle  sizes  in  the 
aerosol.  In  some  situations  it  is  possible  to  mathemati¬ 
cally  invert  the  set  of  ensemble  measurements  anc 
reconstruct  or  estimate  the  size  distribution.  The  maximum 
resolution  possible  for  the  reconstructed  size  distribution 
is  determined  by  the  number  of  optical  property  measurements 
(e.g.  the  number  of  scattering  angles),  but  practical 
considerations  often  limit  here.  It  is  often  advantageous 
to  estimate  average  parameters  of  the  aerosol  such  as  a  mear, 
diameter  rather  than  perform  the  complete  inversion. 
Similarly  the  form  of  the  size  distribution  can  be  assume^ 
and  the  measurements  used  to  estimate  the  best  fit 
parameters  for  the  assumed  size  distribution. 

Several  ensemble-averaged  optical  properties  of 
aerosols  can  be  used  in  size  analysis.  These  include 
spectral  extinction,  the  angular  dependence  of  scattered 
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light,  and  finally  for  very  small  particles  the  spectral 
properties  of  the  scattered  light  as  Doppler-shifted  by  the 
Brownian  motions  of  the  particles.  The  following  paragraphs 
discuss  In  further  detail  these  ensemble  methods. 

Extinction  Methods 

The  amount  of  light  removed  from  a  beam  passing  through 
an  aerosol  directly  Indicates  the  extinction  cross  sections 
of  the  particles  along  the  beam  path.  If  the  refractive 
Index  and  the  volume  concentration  of  the  particles  are 
known,  then  the  vol ume-to-surface  area  mean  diameter  D32  (or 
Sauter  Mean  Diameter,  SMD)  can  be  determined  from  a  single 
transmission  measurement.  15  Further,  the  authorsl5  studied 
the  ratio  of  the  transmittance  at  two  probe  wavelengths  and 
found  that  It  exhibited  monotonic  behavior  when  plotted  as  a 
function  of  D32  for  nonabsorblr^  particles  In  the  range 
<  D32  <^2*  Arlessohn  et  al.l°  also  studied  this  two-wave¬ 
length  approach  and  found  that  the  specific  form  of  the 
particle  size  distribution.  If  It  was  not  very  narrow,  hac 
little  Influence  on  the  measurement.  The  authors^^  consid¬ 
ered  measurements  on  coal  ash  particles  which  are  weakly 
absorbing  and  found  a  compressed  but  useful  sizing  range  0^ 
roughly  X2/IO  <  D32  <  1.3X2  0.325  pm  and  X2  =  3.39 

pm.  Lester  and  Wlttlgl^  and  Brol®  utilized  a  similar  method 
In  shock  tube  studies  of  soot  formation.  Powell  et  al.^^ 
used  spectral  transmission  data  coupled  with  scattering 
measurements  to  study  smoke  particle  sizes.  Although  in  the 
works  referenced  above  only  mean  diameters  are  determined, 
there  have  also  been  a  number  of  studies  on  the  use  of 
spectral  transmission  measurements  to  determine  the  size 
distribution  as  well. 20  por  optimum  sensitivity  the 
wavelengths  used  must  roughly  bracket  the  particle  sizes  of 
Interest,  so  these  techniques  are  in  general  useful  for 
Intermediate  particle  sizes  near  practical  wavelengths. 

Multiangle  Scattering  Measureme.Dt.s 

It  Is  clear  from  Figs.  2-4  that  the  angular  scattering 
characteristics  of  an  ensemble  of  particles  will  contain 
information  on  the  particle  size  distribution.  Fcr  small 
particles,  say  several  pm  and  below,  it  is  necessary  to 
measure  scattering  characteristics  over  a  large  range  cf 
scattering  angles.  This  can  be  accomplished  for  0  from  2 
deg  to  178  deg  using  a  polar  nephlometer  as  discussed  by 
Hansen  and  Evans. 21  Hansen  then  used  this  technique22  to 
estimate  size  distributions  and  refractive  indices  of  an 
atmospheric  aerosol.  In  some  situations  it  is  impractical 
to  traverse  a  detector  around  the  aerosol  to  measure  angular 
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scattering  characteristics#  and  a  few  detectors  at  selecto 
scattering  angles  are  used. 

Multi  angle  ensemble  scattering  techniques  are  utilize, 
in  some  situations  where  SPC  and  imaging  methods  are  net 
applicable.  Measurements  in  solid-propellant  rcceet 
exhausts  where  the  particle  velocities  are  very  high  and  the 
run  times  very  short  have  been  made  by  McCay  et  al.23  using 
multiangle  scattering  and  extinction.  Measurements  of  soo 
particle  sizes  in  flames  require  ensemble  methods  because  c 
the  small  sizes  (<100  nm).  Recent  studies  on  soot  c> 
Santoro  and  Semerjian24  and  Chang  and  Penner25  have  beer: 
completed  although  the  presence  of  nonspherical  aggl omerat'^s 
complicate  interpretation  of  the  data.  The  authors23-zS 
used  an  optical  system  similar  to  that  in  Fig.  5  but  with 
some  detectors  oriented  in  the  backscatter  direction  because 
of  the  small  particle  sizes.  Measurement  of  the  polariza¬ 
tion  state  of  the  scattered  radiation  is  also  useful  ’n 
particle  size  analysis  by  ensemble  multiangle  scattering. 

One  problem  for  all  multiwavelength  or  multi  ancle 
diagnostics  for  particle  sizes  of  several  micrometers  and 
below  is  that  the  scattering  characteristics  can  be  strongly 
influenced  by  the  refractive  index  which  is  in  general  not 
known.  By  increasing  the  number  of  measurements  and 
assuming  that  the  size  distribution 
some  particular  form  it  is  possible 
the  refractive  index  along  with 
tion.22.24,26 


is  monodisperse  or  of 
in  theory  to  determine 
the  size  distribu- 


As  particle  size  increases  it  can  t  seen  from  Fig.  ? 
that  the  energy  is  scattered  predominantly  into  the  near- 
forward  directions.  Further#  for  particles  greater  than 
several  urn  the  dominant  contributor  to  the  forward  lobe  is 
diffractive  scatter  as  opposed  to  refraction  or  reflection. 
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Detection  Plane  | 

Fig.  6  Schematic  of  laser  diffraction  particle  sizing 
i nstr ument. 


Analysis  of  the  forward  diffraction  lobe  has  become  a  common 
diagnostic  for  particles  and  droplets  larger  than  several 
micrometers  in  diameter. 

The  generalized  schematic  of  a  laser  diffraction 
particle  sizing  apparatus  is  shown  in  Fig.  6.  The  bean;  from: 
a  laser,  typically  a  several  mW  He~Ne  model,  is  spatially 
filtered,  expanded,  and  collimated  to  several  mm  diameter  at 
the  l/e2  intensity  points.  This  collimated  probe  beam  is 
directed  through  the  aerosol  of  interest  and  the  transmitted 
(unscattered)  portion  is  focused  on-axis  to  a  spot  at  the 
oack  focal  plane  of  the  receiving  lens.  Light  scattered  by 
particles  in  the  probe  beam  which  passes  through  the 
aperture  of  the  receiving  lens  is  directed  to  off-axis 
points  on  the  observation  or  detection  plane.  A  monodis- 
perse  ensemble  of  spherical  particles  large  compared  to  the 
wavelength  would  produce  the  characteristic  Airy  diffraction 
pattern  shown  in  Fig.  6  as  described  by  Fraunhofer 
diffraction  theory 

1(9)  =  \  2  (5) 

\  aQ  j 


where  is  the  first-order  Bessel  function  of  first  kind. 
The  obliquity  correction  (1  +  cos20)/2  has  been  neglected  in 
Eq.  (5)  and  the  small  angle  approximation  of  sin  0=0  has 
been  made. 
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SCATTERING  ANGLE,  9  (radians) 

Fig.  7  Forward  scattering  signatures  calculated  using  Fraunhofer 
diffraction  theory  for  Rosin-Raitimler  particle  size  distributions 
A  =  0 .6328  pm. 


In  practical  systems  a  distribution  of  particle  sizes 
or  a  polydispersion  is  generally  encountered.  The  composite 
scattered  intensity  profile  is  a  linear  combination  of  the 
characteristic  profile  of  each  droplet  size  with  a  weighting 
coefficient  equal  to  the  number  of  particles  of  that  size 
the  sample  volume.  The  diffraction  signature  of  a  pol  ydis  ■ 
perse  spray  is  given  by 

1(0)  =  I(nc  f  ,Q. 

where  nialdo  is  the  number  of  particles  in  the  laser  bean 
with  sizes  between  a  and  a  +  da  and  truncation  of  light 
diffracted  at  large  angles  by  the  receiving  lens  has  beer 
neglected. 27  a  primary  effect  of  broadened  size  distriDu- 
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■'  Fig.  8  Reproduction  of  the  photosensitive  elements  of  a  monc- 

llthic  P  on  N  photodiode  array  detector  after  H1rleman.27 


tions  Is  elimination  of  the  contrast  In  the  diffraction 
pattern  as  shown  In  the  diffraction  signatures  calculated 
for  several  Rosi n-Rammler  particle  size  distributions  in 
Fig.  7.  The  two  parameters  in  a  Rosi n-Rammler  distribution 
are  the  mean  diameter  x  and  the  exponent  N.  The  width  of 
the  distribution  increases  with  decreasing  N,  and  as  N 
approaches  infinity  the  distribution  becomes  monodi sperse. 

The  basic  task  in  laser  diffraction  particle  sizing  is 
to  detect  and  analyze  the  diffraction  signature  1(0) »  ano 
then  mathematically  Invert  Eq.  (6)  to  determine  parameters 
of  the  particle  size  distribution.  Chin  et  al .  in  195528 
proposed  several  detection  techniques#  one  of  which  was  to 
traverse  a  pinhole/photodetector  assembly  across  the 
diffraction  pattern.  Due  to  the  mechanical  traverse  this 
detection  approach  requires  a  significant  amount  of  time  to 
cover  the  entire  diffraction  pattern.  Further,  the  large 
dynamic  range  of  the  diffraction  signature  given  by  Eqs.  (5) 
and  (6)  is  another  difficulty  for  such  systems. 

The  advantages  of  real  time  analysis  of  the  entire 
diffraction  signature  as  opposed  to  traversing  a  detector 
across  either  the  diffraction  pattern  itself  or  a  photo¬ 
graphic  image  thereof  are  obvious.  Developments  in 
monolithic  solid  state  multielement  detector  arrays  in  the 
1970*s  improved  the  situation  by  allowing  the  entire 
diffraction  signature  to  be  analyzed  instantaneously.  A 
monolithic  detector  designed  for  forward  scattering  measure¬ 
ments  is  shown  in  Fig.  8.  Note  the  increasing  thickness  of 
the  annular  detector  elements  which,  when  coupled  with 
increasing  length  (circumference),  result  in  a  significant 
increase  in  detector  area  as  radius  increases.  This  effect 
compresses  the  dynamic  range  of  the  scattering  measurements. 
A  detector  similar  to  that  in  Fig.  8  designed  for  parts 
recognition  appl  ications29  -(s  utilized  in  a  commercial  laser 
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diffraction  particle  sizing  Instrument^O  based  on  the  work 
of  Swithenbank  et  al.31 

A  number  of  data  processing  methods  have  been  used  to 
extract  particle  size  Information  from  measured  diffraction 
patterns.  Chin  et  al.28  utilized  the  Integral  transform 
derivation  of  T1tschmarsh32  to  analytically  invert  Eq.  (5) 
to  obtain  nio).  Dobbins  et  al .33  somewhat  paradoxically 
observed  that  the  diffraction  signatures  were  relatively 
Independent  of  the  form  of  the  droplet  size  distribution  and 
depended  primarily  on  D32.  The  authors33  utilized  a  single 
parameter  of  the  diffraction  pattern,  the  angle  at  which  the 
scattered  light  Intensity  Is  down  to  10%  of  the  on-axis 
value,  to  determine  D32.  0thers34»35  have  since  modified 

slightly  this  approach  and  It  Is  still  In  use  today. 

Swithenbank  et  al.31  analyzed  the  diffraction  pattern 
with  the  annular  ring  detector  discussed  above  and  subse¬ 
quently  did  a  numerical  inversion  (as  opposed  to  integral 
transform)  of  a  discretized  form  of  Eq.  (6)  to  obtain  the 
volume  distribution  In  7  discrete  size  bins.  The  inversion 
problem  1s  ill-conditioned  and  as  a  second  approach  the 
authors31  assumed  that  the  size  distribution  was  of  the 
Rosi n-Ramml er  form  with  two  independent  parameters.  Recent 
data  processing  developments  do  not  require  an  assumption  of 
the  form  of  the  size  distribution. 30, 36 

Diffusion  BrQaLdenJjiq_ip_ec_tro3C_o£y 

One  problem  with  spectral  extinction  and  multiangle 
scattering  measurements  of  small  particles  is  the  dependence 
on  refractive  Index  which  Is  generally  unknown  and  might 
even  vary  between  particles.  One  diagnostic  which  for 
certain  applications  does  not  require  knowledge  of  the 
refractive  Index  Is  diffusion  broadening  spectroscopy. 
Light  scattered  by  molecules  or  particles  Is  Doppler  shiftea 
due  to  Brownian  motion.  The  magnitude  of  the  frequency 
shift  depends  on  the  velocity  of  the  particle  and  the  angle 
at  which  the  scattered  radiation  Is  collected.  Light  scat¬ 
tered  from  a  large  number  of  particles  undergoing  Brownian 
motion  in  a  medium  with  a  mass  mean  velocity  of  zero 
contains  a  distribution  of  frequencies  centered  around  the 
Incident  laser  frequency.  If  the  light  scattered  by  these 
particles  Is  collected  and  mixed  on  a  single  detector 
(homodyne  detection)  then  the  frequency  differences  betweer; 
waves  scattered  from  the  various  particles  will  be  present 
In  the  detector  output  with  a  resulting  spectrum  centerec 
around  zero  frequency.  The  theoretical  analysis  for 
predicting  the  power  spectrum  and  autocorrelation  function 
of  the  homodyne  scattered  light  signal  for  particles 
suspended  In  a  stagnant  or  laminar  flow  Is  well  known. 37 
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The  predictions  depend  on  the  scattering  angle#  the  particle 
diameter,  and  the  diffusion  coefficient  which  in  turn 
depends  on  temperature  and  viscosity.  By  measuring  the 
half-width  of  the  power  spectra^S  after  Penner  et  al .  or  the 
correlation  time39  from  photon  correlation  after  King  et  al . 
the  diffusion  coefficient  of  the  particles  can  be  deter¬ 
mined.  Introduction  of  some  assumptions  concerning  the 
diffusion  coefficient  then  allows  the  particle  size  of  a 
monodisperse  aerosol  to  be  determined. 

The  optical  system  required  for  diffusion  broadening 
spectroscopy  is  rather  simple  as  shown  in  Fig.  5.  The  laser 
focus  diameter  is  selected  to  minimize  broadening  effects 
due  to  finite  particle  residence  time. 39  The  output  from 
the  detector  would  then  go  to  a  spectrum  analyzer  or  a 
digital  photon  correlator. 

Diffusion  broadening  spectroscopy  has  been  used  suc¬ 
cessfully  in  flames37-39  and  other  particle  systems.  It  is 
only  useful  for  particle  diameters  less  than  about  100  nm 
because  the  frequency  shifts  become  very  small  as  the 
Brownian  diffusion  velocities  decrease  for  larger  particles. 
Further,  this  technique  is  only  independent  of  refractive 
index  for  monodisperse  aerosols,  and  successful  application 
in  polydisperse  systems  seems  unlikely. 

Laser/Optical  Single  Particle  Counters  (SPC) 

A  generalized  schematic  of  an  optical  SPC  is  presented 
in  Fig.  5.  The  output  beam  from  a  laser  or  other  source  of 
radiation  is  directed  (and  typically  focused)  into  the 
optical  sample  volume.  This  sample  or  probe  volume  can  be 
thought  of  as  that  region  of  space  where  a  single  particle 
can  generate  a  sufficient  detector  signal  to  be  discrimi¬ 
nated  or  "seen"  over  the  background  noise.  As  individual 
particles  pass  through  the  sample  volume  they  interact  with 
the  Incident  radiation  beam  (i.e.,  scatter,  absorb,  and/or 
fluoresce  light)  and  are  observed  by  detection  optics 
oriented  at  some  angle(s)  0  with  respect  to  the  beam  propa¬ 
gation  direction.  The  single  particle  signals  obtained  at 
the  photodetector(s)  are  processed  to  provide  information  on 
the  size  and  possibly  the  velocity  of  each  particle.  The 
various  SPC  approaches  to  particle  sizing  are  discussed 
below. 

Light  Scattering  Cross-section  Measuring  Techniques 

The  most  common  approach  to  particle  sizing  involves 
the  principle  that  the  amount  of  the  light  scattered  by  a 
particle  is  a  nominally  monotonic  increasing  function  of 
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F1g.  9  Partial  light  scattering  cross  sections  for  spherical 
particles  with  refractive  index  n=1.47  for  f/1.96  receiving  optics 
oriented  for  10  deg  off-axis  collection  in  the  plane  normal  to  the 
direction  of  polarization  of  the  Incident  beam.  The  Lorenz-Mie 
theory  calculations  used  X  =  0.6328  jim. 


particle  size.  It  follows  that  nneasurement  of  a  scattering 
or  extinction  cross  section  car  be  used  to  infer  particle 
size.  The  SPC  scattering  signal  response  S  to  a  particle  in 
an  incident  radiation  field  (uniform  over  the  particle)  of 
Intensity  I^pc  given  by 

S  ^  ^  1  nc  ^sc  ^  ^  ^ 

where  k  is  the  system  gain  In  transducing  radiant  energy  to 
voltage  using  a  photodetector  and  Cgc  is  the  partial  light 
scattering  cross  section  as  determined  from  Eq.  (4).  The 
partial  cross  sect1ons»  as  opposed  to  total  cross  sections, 
depend  on  the  specific  finite  aperture  detector  configura¬ 
tion  in  use.  A  response  function  S(d)  relating  measured 
signal  levels  to  the  diameters  of  spherical  particles  of 
known  refractive  index  passing  through  a  SPC  sample  volume 
of  known  incident  Intensity  can  be  determined  from 

theoretical  calculations  of  Cs^Cd).  Here  the  factor  k  must 
be  determined  by  calibration. 

A  plot  of  partial  light  scattering  cross  section  for 
spherical  particles  illuminated  by  a  coherent  uniphase  wave 
calculated  using  a  Lorenz-Mie  theory  computer  code^  is  given 
in  Fig.  9.  The  calculations  are  for  an  off-axis  f/1.96 
collection  lens  centered  at  9  =  10  deg  from  the  incident 
radiation  propagation  direction  (forward  scattering).  The 
oscillatory  behavior  1s  due  to  resonance  interactions  in  the 
scattering  process  and  results  in  ambiguities  1n  particle 
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size  determination  from  SPC  scattering  measurements.  Another 
problem  Inherent  In  using  the  laser  as  a  SPC  radiation 
source  Is  the  non  uni  form  Intensity  profile  across  the 
beam.l-2»40  ambiguity  In  signal  levels  arises  for  in  situ 
SPC  since  the  particles  are  free  to  traverse  the  sample 
volume  at  any  position.  Thus*  particles  will  experience 
different  peak  Incident  intensities  depending  on  the 

trajectory  and  even  a  monodlsperse  (uniform  size)  aerosol 
will  generate  a  broad  distribution  of  signal  amplitudes  S. 

A  number  of  methods  have  been  devised  to  eliminate  the 
unknown  Incident  Intensity  effect  In  cross-section  measuring 
techniques.  The  basic  approaches  Include:  1)  analysis  of 
only  those  particles  which  pass  through  a  selected  portion 
of  the  beam  of  known  and  constant  Intensity,  2)  analysis  of 
all  particles  and  later  correction  for  the  known  distribu¬ 
tion  of  particle  trajectories  and  corresponding  incident 
intensities,  3)  use  of  the  ratio  of  scattering  signals  at 
two  or  more  angles  to  cancel  the  Incident  Intensity  effect. 

For  In  situ  measurements  various  optical  methods  of 
discriminating  those  particles  which  pass  through  a  control 
portion  of  the  beam  have  been  used.  Including  coincidence 
detectors  at  90  deg  by  Ungut  et  al  and  In  the  forward 
direction  by  Knol lenberg.42  jt  has  also  been  suggested  that 
a  pointer  laser  beam  tightly  focussed  within  a  larger  probe 
beam  be  used  to  discriminate  those  particles  which  pass 
through  the  center  of  the  probe  beam. ^3  -phis  latter 
approach  does  not  eliminate  the  ambiguity,  but  rather  shifts 
the  problem  to  the  pointer  beam  where  the  effect  Is  less 
significant.  It  Is  also  possible  to  change  the  Intensity 
profile  across  the  laser  beam  from  Gaussian  to  something 
approximating  a  tophat  using  specially  designed  filters. 
However  any  beam  degradation  due  to  windows  or  refractive 
index  fluctuations  would  spread  the  profile  and  reintroduce 
the  Intensity  ambiguity.  It  appears  that  no  definitive 
studies  on  the  use  of  tophat  profiles  have  been  reported. 

Another  somewhat  similar  technique  proposed  by 
H1rleman44  involves  the  use  of  signals  generated  by  parti¬ 
cles  traversing  two  adjacent  laser  beams.  The  dual  peak 
signature  Is  used  to  determine  two  velocity  components  and 
the  trajectory  of  each  particle.  Given  known  laser  beam 
properties  the  Incident  Intensity  history  for  a  particle  is 
then  completely  determined  which  permits  a  real  time  correc¬ 
tion  for  the  Intensity  ambiguity.  After  I-j^^  ''s 

determined  a  calibrated  response  function  prediction  such  as 
Fig.  9  would  be  used  to  relate  signal  amplitudes  to  particle 
size.  This  technlque^^  has  been  proposed  for  light  scat¬ 
tering,  extinction,  and  fluorescence  cross-section 
measurements  although  experiments  to  date  have  used  only 
light  scattering. 
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F1g.  10  Response  functions  for  ratio-type  SPC.  The  data  apply  to 
spherical  particles  with  n=l. 56-0. 471  (soot)  and  X  =  0.6328  i^m. 
The  scattering  angle  pairs  are  a)48/24  deg>  b)24/12  deg,  c)12/6 
deg,  d)6/3  deg,  e)3/1.5  deg,  f)l/0.5  deg,  g)0.5/0.25  deg.  All  but 
the  48/24  deg  curve  were  truncated  after  the  first  minimum. 
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Fig.  11  Schanatic  of  optical  system  for  particle  sizing  interfer¬ 
ometer  after  Houser. 51 


K  *.♦ 


t 


A  second  general  approach  to  the  ambiguous  incident 
intensity  problem  is  to  correct  after  the  fact.  One 
Implementation  of  this  approach  proposed  by  Holve  and  Sel 
is  to  first  consider  the  distribution  of  scattering  signal 
pulse  heights  generated  by  particles  of  one  size  passing 
with  equal  probability  through  all  portions  of  the  laser 
beam  focus  region.  The  optical  system  required  again  is 
like  Fig.  5  using  a  single  near-forward  off-axis  detector. 
The  signal  height  distribution  from  a  polydispersion  is  then 
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TIME 

(a)  DOPPLER  BURST  SIGNAL 


(b)  pedestal  component 


(C)  DOPPLER  COMPONENT 

F1g.  12  Signals  from  particle  sizing  interferometer  arte- 
Bachal  o.58 


a  linear  combination  of  the  monodi sperse  particle  response 
distributions.  A  numerical  scheme  was  developed^^  to  invert 
the  resulting  system  of  equations  and  solve  for  the  linear 
coefficients  which  are  proportional  to  concentrations  in  the 
discretized  particle  size  intervals.  This  approach'^S 
been  successfully  used  for  sizing  burning  droplets  ana 
particulates  emitted  from  a  coal  combustor. 

ScAtt^riJig  In tepsJly.  Rat  1  o  Tegiioliiues 

The  final  method  to  eliminate  the  inciaent  intensit, 
ambiguity  in  SPC  is  to  utilize  the  ratio  of  scattered  light 
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F1g.  13  Cdiculatlons  for  the  fringe  visibility  V  as  a  function  of 
particle  dlam  to  fringe  spacing  ratio  d/6  for  particle  sizing 
1  ntereferotneters  (PSD.  The  data  apply  to  a  PSI  collecting  ail  of 
the  forward  scattered  light  and  to  an  off-axis  PSI  with  ar  f/2 
collection  lens  oriented  at  0  =  20  deg. 

signals  from  two  or  more  scattering  angles  to  determine 
particle  size.  This  approach  is  often  used  In  ensemble 
multi  angle  scattering  measurements  where  the  relative 
scattering  profile  rather  than  the  absolute  scattering  at 
some  angle  Is  used.  Hodklnson^^  suggested  and  Gravatt'^^ 
Implemented  an  SPC  based  on  the  ratio  technique  which  usee 
scattering  ratios  from  near-forward  scattering  angles  where 
the  sensitivity  to  particle  shape  and  refractive  index  is 
minimized.  The  optical  configuration  of  ratio  counters  can 
be  similar  to  that  In  Fig.  5#  although  annular  detection 
schemes  are  often  used.^2»48  ^  set  of  response  functions 

for  a  ratio  SPC  Is  plotted  in  Fig.  10.  One  problem  evident 
from  Pig.  10  Is  the  multivalued  response  function  plotted 
for  the  largest  angle  pair.  Outsize  particles,  or  those 
larger  than  the  first  minimum  in  the  ratio  response 
functions  In  Fig.  10,  will  be  Incorrectly  sized  by  ratio 
Instruments  which  utilize  only  a  single  pair  of  scattering 
angles.  The  multiple  ratio  concept  (MRSPC)  developed  by 
Hirleman  and  coworkers^2,48  designed  to  eliminate  this 

ambiguity  problem. 

Ratio  counters  still  have  an  optical  sample  volume 
which  depends  on  particle  size  and  corrections  for  this 
effect  must  be  consi dered.^2  Also,  since  forward  scattering 
Is  generally  used,  ratio  counters  are  relatively  insensitive 
to  particle  shape  and  refractive  Index. ^-2 

A  possible  advance  for  ratio  schemes  may  be  to  inte¬ 
grate  photodiode  array  detectors  to  allow  more  scattering 
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Fig.  14  Schematic  of  imaging  particle  sizing  system  after  Fleeter 
et  al.60 


data  to  be  collected  without  simply  adding  photomultiplier 
tubes.  Bartholdi  et  al used  a  linear  photodiode  array  ir 
an  SPC  application  and  we  are  studying  the  use  of  intensi¬ 
fied  versions  of  the  detector  in  Fig.  8. 

Ratio  SPC  are  apolicable  in  the  nominal  size  range  o' 
0.3  -  10.0  pm  for  practical  laser  sources.  They  have  bee 
successfully  applied  in  engine  exhausts,^®  flame  studies, 5 
fluidized  bed  off-gas»51  and  in  several  other  applications. 

Particle  Sizing  Interferometry 

Another  approach  which  can  provide  particle  siz 
information  independent  of  incident  intensity  is  parti  cl 
sizing  interferometry  (PSD.  A  schematic  is  shown  in  Fi:; 
11.  As  a  single  particle  passes  through  the  intersect!  c 
region  of  two  nonparallel  laser  beams,  Doppl er-sh i f t£ 
scattered  light  waves  from  each  beam  emanate  from  th 
particle.  Heterodyning  the  two  contributions  of  scattero 
light  at  a  detector  will  produce  the  Doppl  er-di  fferenc, 
frequency  which  is  directly  related  to  the  particle  velccicv 
and  the  angle  between  the  laser  beam  propagation  vectors. 
This  principle  underlies  the  laser  Doppler  velocimet  !' 
(LDV).  A  particle  crossing  the  LDV  beam  intersection  regicr 
will  produce  an  approximately  Gaussian  signal  (pedestal) 
with  the  modulated  Doppl  er-di  fference  component  written  cr. 
the  pedestal52  as  shown  in  Fig.  12.  The  ratio  of  the 

modulated  signal  amplitude  to  the  pedestal  amplitude,  wf-'cf 
is  termed  the  visibility,  provides  a  measure  of  parties 
size  as  shown  by  Farmer^^  and  others53»54  usee  a  sca'ar 

description  of  the  process.  For  large  apertures  wnicn 
collect  all  of  the  forward  scattered  (diffracted)  light  t  ^ 
visibility  V  as  a  function  of  particle  diameter  d  and  frin;,' 
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F1g.  15  Schematic  of  holographic  particle  sizing  system  after 

Ch1g1er.62 


spacing  6  was  shown  by  Robinson  and  Chu^^  to  be 

V.  2^/61  ^3^ 

7rd/6 

where  is  a  first-order  Bessel  function  of  first  kind.  A 
plot  of  V  is  given  in  Fig.  13. 

Calculations  considering  the  complete  problem  of 
scattering  by  a  sphere  simultaneously  in  two  coherent, 
collimated  laser  beams^B  predicted  a  strong  dependence  of 
the  visibility  on  particle  refractive  index,  the  detector 
aperture,  and  detector  position  relative  to  the  beams.  A 
number  of  experimental  studies  have  confirmed  the  importance 
of  careful  receiving  optics  designB5»56  although  conflicting 
observations  have  also  been  made.B7 

Another  related  approach  is  the  off-axis  PSI  proposed 
by  BachaloBQ  which  utilizes  the  interference  of  refracted  or 
reflected  light  scattering  contributions  rather  than  the 
diffractive  scatter  of  a  conventional  PSI.B2  This  method  is 
applicable  to  particles  significantly  larger  than  the  wave¬ 
length  and  is  based  on  the  difference  in  optical  path  length 
traveled  by  refracted  rays  from  the  two  crossed  beams  which 
pass  through  the  particle  and  arrive  coincidently  at  the 
detector.  The  visibility  response  function  for  a  typical 
off-axis  PSI  collection  angleB'  of  20  deg  is  also  shown  in 
Fig.  13,  and  the  expanded  d/d  sizing  range  for  this  concept 
is  apparent. 

Although  the  visibility  is  a  relative  measurement, 
absolute  light  scattering  cross  sections  and  incioent  laser 
beam  intensity  distributions  still  control  the  PSI.  Only 
those  particles  which  scatter  enough  light  to  be  detectec 
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above  the  background  noise  level  will  be  Thus  a  PSI 

will  "size"  the  particles  using  a  relative  measurement  but 
the  frequency  at  which  particles  are  "seen"  or  counted  1s 
biased  toward  large  particles. 

To  correct  some  serious  problems  In  sizing  particles 
traversing  the  edge  of  off-axis  PSI  probe  volumes.  It  has 
been  suggested  that  the  amplitude  of  the  Doppler  bursts  from 
PSI  Instruments  be  used  to  size  particles.  The  Incident 
Intensity  ambiguity  Is  reintroduced  and  a  correction  must  be 
made.  Those  particles  traversing  the  center  of  the  Inter¬ 
section  region  can  be  discriminated  using  coincidence  detec¬ 
tion  with  small  aperture  detectors  or  using  an  additional, 
tightly  focused  pointer  beam.  Unfortunately  the  latter 
approach  merely  shifts  the  trajectory  ambiguity  problem  from 
the  PSI  beams  to  the  Gaussian  pointer  beam. 

Photographic  and  Holographic  Methods 

Several  different  Imaging  methods  have  been  used  for 
particle  and  droplet  sizing.  These  rely  on  a  short  light 
pulse  to  "freeze"  the  particle  Images  so  that  direct 
measurements  of  size  may  be  made.  In  the  case  of  double 
flash  photography  two  closely  spaced  light  pulses  are  used 
to  obtain  double  Images  of  each  droplet  so  that  velocity  can 
also  be  determined.  Single  and  double  pulse  holography  have 
been  used  as  well,  with  the  advantage  that  a  volume  of  the 
aerosol  can  be  captured  rather  than  the  limited  depth  of 
field  afforded  by  photographic  methods.  The  problem  with 
both  photographic  and  holographic  methods  Is  the  tedious  and 
expensive  post  processing  needed  to  extract  the  data.  Also, 
quantitative  measurements  of  particle  size  di str  I uuti ons 
with  imaging  techniques  are  realistic  only  for  particle 
sizes  greater  than  5  /am  at  best. 

Automated  data  processing  for  particle  photography  has 
been  reported  by  Simmons  and  Lapera^^  and  Fleeter  et  al .^0 
In  the  first  systern^^  a  strobe  light  was  used  to  form  the 
image  on  a  vidicon  tube.  The  image  is  scanned  to  obtain 
drop  size  Information  and  the  cycle  repeated  roughly  10 
times  per  second.  Mean  diameters  and  size  distributions, 
were  obtained  at  each  point  In  the  spray. Fleeter  et 
al  utilize  a  pulsed  ruby  laser  as  shown  In  Fig.  14  to 

Illuminate  the  particles  which  are  Imaged  onto  a  512x512 
diode  array  camera.  The  image  Is  then  dlgitlzed^O  ana 
transferred  to  a  computer  memory  for  processing.  Knollen- 
berg'^^  analyzes  Individual  particles  by  projecting  images 
onto  a  linear  photodiode  array. 

One  correction  factor  required  In  the  data  analysis  of 
Incoherent  Imaging  techniques  Is  the  effective  depth  of 
field  vs  droplet  size.  (Large  particles  are  visible  over  a 
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larger  axial  distance  from  the  exact  odj ect  plane  than  small 
particles.)  This  correction  Is  analagous  to  sample  volume 
corrections  required  with  SPC  and  is  mandatory  before  useful 
data  can  be  obtained. 

Photographic  image  analysis  is  a  very  convenient  method 
of  particle  and  droplet  sizing  under  cola  flow  conditions. 
One  limitation  is  the  typical  resolution  limit  of  about  five 
micrometers.  In  hot  flows  one  would  expect  substantially 
poorer  results  due  to  image  distortion  by  refractive  index 
fluctuations  in  the  flow.  Performance  also  suffers  in 
applications  where  windows  must  be  located  between  the  spray 
and  the  camera,  particularly  when  the  optical  aperture  is 
limited.  In  a  recent  study  of  optical  methods  for  Diesel 
engine  research,  the  threshold  of  size  detection  was  35  pm 
^or  high-speed  photography  and  8  pm  for  hoi ography 

Pulsed  holography  eliminates  the  sample  volume  correc¬ 
tion  required  for  photographic  methods  since  the  holograms, 
which  contain  three-dimensional  information,  can  be  observed 
in  two  dimensions  while  the  third  is  scanned.  A  schemiatic 
diagram  of  a  holographic  system  is  shown  in  Fig.  15.  Holo¬ 
graphic  methods  for  particle  and  droplet  size  analysis  have 
apparently  been  used  to  observe  particles  down  to  about 
5  pm. Note  however  that  the  resolution  of  a  holo¬ 
graphic  system  is  typically  several  micrometers  so  that  the 
accuracy  in  sizing  such  small  particles  is  very  poor. 
Another  problem  encountered  in  particle  holography  is 
performance  degradation  when  the  laser  beam  transmission 
drops  below  about  10%. 


Conclusions 

Laser-based  techniques  for  nonintrusive  diagnostics  of 
particle  size  and  concentration  distributions  have  been 
reviewed.  The  most  common  diagnostics  are  imaging  and  light 
scattering  techniques,  and  each  instrument  has  its  own 
•  unique  set  of  limitations  and  range  of  applicability.  It  is 

imperative  that  the  subtle  factors  which  control  the  accu¬ 
racy  and  reliability  of  cata  obtained  with  laser/optical 
instruments  be  understood  by  the  user. 
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The  importance  of  aerosols  and  aerosol  processes  has  prompted  considerable  research  into  tech¬ 
niques  for  particulate  characterization.  As  batch  sampling  probe  techniques  often  introduce  unac¬ 
ceptable  perturbations  into  the  flow  and  can  have  serious  uncertainties  associated  with  possible 
alterations  of  the  aerosol  in  the  sample  line,  in  situ  optical  methods  have  received  much  interest. 
This  paper  is  concerned  with  a  laser  light-scattering  technique  for  in  situ  analysis  of  individual 
particles,  the  multiple-ratio  single-particle  counter  (MRSPC).  In  particular  a  thorough  study  of  the 
response  characteristics  of  the  MRSPC  was  completed,  including  both  experimental  and  theoretical 
analyses  of  nonideal  effects  associated  with  particle  size  distribution  measurements.  The  effects  of 
unknown  refractive  index,  nonspherical  particle  shape,  size-selective  sampling  bias,  and  instrument 
resolution  were  considered.  Theoretical  predictions  of  MRSPC  performance  for  these  nonideal  con¬ 
ditions  were  found  to  agree  quite  well  with  experiments  performed  here.  The  overall  analysis  indicates 
that  the  MRSPC  can  make  in  situ  measurements  of  volume-equivalent  size  distributions  of  moderately 
nonspherical  particles  of  unknown  refractive  index  with  uncertainties  on  the  order  of  50'^f. 


I.  INTRODUCTION 

Aerosol  concentrations  and  size  distribu¬ 
tions  are  of  fundamental  importance  to  the 
study  of  particulate  emissions  and  fuel  spray 
combustion.  The  environmental  impact  of 
particulate  emissions  has  been  a  serious 
problem  since  large-scale  use  of  combustion 
began.  This  problem  will  become  even  more 
acute  as  alternate  fuels  such  as  coal,  syn¬ 
thetics,  and  heavy  residual  fuels  furnish  in¬ 
creasing  portions  of  the  expanding  U.  S.  en¬ 
ergy  requirements.  Particulates  represent  a 
large  fraction  of  the  primary  pollutants 
emitted  from  coal  combustion,  and  evalua¬ 
tion  of  improved  particulate  control  devices 
will  require  continued  development  of  ad¬ 
vanced  particulate  analysis  techniques.  The 
implications  of  particulate  emissions  are  also 
severe  for  advanced  open-cycle  gas  turbine 
power  plants,  as  combustion  exhaust  parti¬ 
cles  can  drastically  reduce  the  life  of  turbine 
blades. 


The  numerous  methods  for  particulate 
characterization  have  been  reviewed  else¬ 
where  ( 1 ).  Briefly,  most  of  the  conventional 
particle  analyzers  such  as  cascade  impac- 
tors,  commercial  optical  particle  counters, 
and  electrical  mobility  analyzers  require 
batch  sample  extraction  and  thus  suffer  from 
the  common  problems  of  flow  interference 
and  alteration  of  aerosol  properties  in  the 
sampling  probe  lines.  In  situ  optical  tech¬ 
niques  are  clearly  superior  for  combustion 
applications  where  performance  criteria  like 
minimal  flow  interference,  real  time  analy¬ 
sis,  and  high-temperature  operation  are  im¬ 
perative.  The  three  classes  of  in  situ  optical 
methods  include  imaging  or  holographic 
techniques;  ensemble  analyzing  methods; 
and  single-particle  analyzers.  In  general, 
these  optical  techniques  eliminate  the  dis¬ 
advantages  of  conventional  sampling  meth¬ 
ods,  but  unfortunately  also  introduce  their 
own  set  of  limitations  and  uneertainties.  l  or 
example,  optical  techniques  can  be  quite  sen- 
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sitive  to  particle  shape  and  composition  or 
refractive  index  (2,  3,  4).  This  is  important, 
for  example,  in  combustion  applications 
where  particle  characteristics  are  generally 
unknown  and  variable. 

In  order  for  the  data  from  an  optical  par¬ 
ticle  analyzer  to  be  reliably  interpreted,  sev¬ 
eral  performance  characteristics  of  the  in¬ 
strument  must  be  well  understood.  These 
include; 

1.  Response  to  a  very  polydisperse  aero¬ 
sol,  i.e.,  one  with  particle  sizes  outside  the 
nominal  sizing  range  of  the  instrument. 

2.  Response  to  particles  of  unknown  and 
variable  refractive  index  and  composition. 

3.  Response  to  nonspherical  particles. 

4.  Properties  of  the  optical  sample  vol¬ 
ume,  including  possible  dependence  on  par¬ 
ticle  size  and  the  corresponding  probe  vol¬ 
ume  correction. 

5.  Resolution,  or  the  instrument  response 
to  a  monodisperse  aerosol  allowed  to  flow 
through  all  portions  of  the  sample  volume. 

A  discussion  of  the  performance  of  a  num¬ 
ber  of  single-particle  counters  with  regard 
to  these  factors  has  been  presented  recently 
by  Whitby  and  Willeke  (2)  and  Hirleman 
(3).  In  the  present  paper,  response  charac¬ 
teristics  of  a  particular  laser  light-scattering 
single-particle  counter,  the  multiple-ratio 
single-particle  counter  (MRSPC),  were  in¬ 
vestigated  both  theoretically  and  experimen¬ 
tally. 

2.  MULTIPLE-RATIO  SINGLE-PARTICLE 
COUNTER  (MRSPC) 

That  subset  of  laser/optical  instruments 
for  aerosol  characterization  known  as  single¬ 
particle  counters  (SPC)  in  general  analyze 
light  scattered  by  particles  passing  individ¬ 
ually  through  focused  light  beams  to  deter¬ 
mine  particle  size.  Ratio-type  SPC  in  par¬ 
ticular  derive  size  from  a  ratio  of  the  amount 
of  laser  light  scattered  by  single  particles 
into  two  separate  viewing  or  detection  an¬ 
gles.  The  use  of  two  near-forward  scattering 


angles  for  ratio  measurements  as  suggested 
by  Hodkinson  (5)  and  initially  implemented 
by  Gravatt  (6)  has  some  advantages.  First, 
the  ratios  are  relatively  weak  functions  of 
particle  shape  and  refractive  index,  which 
is  important  in  the  analysis  of  generally  non¬ 
spherical  combustion  particulates  of  un¬ 
known  and  varying  composition.  Second,  the 
ratio  approach  eliminates  some  of  the  prob¬ 
lems  associated  with  particle-to-particie 
variation  in  incident  illumination  intensity 
introduced  either  by  the  nonuniform  inten 
sity  profile  across  laser  beams  or  by  beam 
energy  fluctuations. 

A  typical  response  function  prediction  foi 
the  ratio-type  SPC  is  shown  in  Fig.  1.  The 
data  in  Fig.  1  assume  annular  detectors 
axisymmetric  with  respect  to  the  laser  beam 
collecting  equal  solid  angle  conical  sheets  o 
scattered  light  of  constant  scattering  angl 
6  (measured  from  the  laser  beam  propagr 
tion  vector).  The  curves  corresponding  i 
refractive  indices  of  n  =  1.40  (typical  of 
liquid  hydrocarbon)  and  n  =  1.56-0.4 
(soot)  (7)  were  computed  using  Lorenz-M 
theory  for  the  scattering  of  plane  elect '• 
magnetic  waves  by  spherical  particles  (8. 
10).  Oscillations  in  the  response  function  I 
the  nonabsorbing  (real  index)  hydrocarh 
particles  are  typical  of  those  encountered 
all  scattering  SPC  which  utilize  monochr 
matic  light  (2,  11,  12,  13).  In  contra>t.  i 
absorbing  soot  particles  the  oscillations  a 
clearly  damped  out.  Also  plotted  in  Fig. 
is  the  12‘’/6°  ratio  as  calculated  from  il 
theory  for  Fraunhofer  diffraction  of  plai 
waves  by  circular  disks  (5). 

The  good  agreement  between  diffractio 
calculations  and  Lorenz-Mie  predictions  fc 
soot  is  not  necessarily  expected  as  diffractio. 
theory  is  valid  only  when  d  >  X,  a  conditioi 
which  is  clearly  not  satisfied  for  the  pariick 
size  range  of  Fig.  1.  However,  if  the  sc,;t- 
tering  process  is  considered  to  consist  of  the 
superposition  of  reflection,  refraction,  and 
diffraction  contributions  (admittedly  non¬ 
rigorous  for  d  ~~  \)  then  small  angle  forward 
scattering  by  absorbing  spheres  should  be 
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predominately  the  diffraction  contribution. 
Note  also  that  Fig.  1  indicates  only  that  the 
shape  of  the  forward  scattering  lobe  (i.e., 
ratios)  is  predicted  reasonably  well  by  dif¬ 
fraction  theory;  absolute  forward  scattering 
cross  sections  will  not,  in  general,  be  ade¬ 
quately  modeled  by  diffraction  theory. 

For  very  small  particles  in  the  Rayleigh 
scattering  regime,  d  4  the  scattering  at 
small  forward  angles  is  nominally  isotropic, 
and  the  scattering  ratios  approach  1.0.  As 
particle  size  increases  the  scattered  energy 
shifts  toward  the  forward  direction  resulting 
in  the  familiar  Mie  lobe  structure  (2,  16) 
and  lower  ratios.  Finally,  as  the  first  mini¬ 
mum  in  the  scattering  pattern  moves  in  to 
12°  at  a  s  18,  the  ratio  for  12°/6“  becomes 
very  small.  Unfortunately  as  particle  size 
increases  past  the  first  minimum  in  the  re¬ 
sponse  curve,  the  ratio  continues  to  oscillate 
at  nonzero  values  as  shown  in  Fig.  2.  Thus 
a  measured  48°/ 24°  ratio  of  say  0.5  corre¬ 
sponds  to  many  possible  particle  sizes  (mul¬ 
tivalued  response),  and  a  48°/24°  single  ra¬ 
tio  SPC  with  a  nominal  size  range  of  0.06 
to  0.6  /im  will  incorrectly  size  particles  larger 
than  0.6  nm.  It  was  this  problem  that  pro¬ 
vided  impetus  for  the  multiple-ratio  SPC 
(4,  13),  where  additional  ratios  are  used  as 
on-line  consistency  checks  to  detect  this  non¬ 
unique  response  problem.  In  MRSPC  prac- 
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Fig.  1.  Scattering  ratio  response  curves  for  \2°/b°. 
The  curves  for  n  -  1.40  and  n  =  1.56-0  47/  were  cal¬ 
culated  for  spherical  particles  using  Lorenz-Mie  theory. 
The  third  curve  was  calculated  using  Fraunhofer  dif¬ 
fraction  theory  with  the  obliquity  correction. 
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Fig.  2.  Response  function  for  a  ratio-type  lip.ht  sc.it- 
tering  SPC.  The  data  were  calculated  for  spherical  par 
tides  with  n  =  1.56-0.47  (soot)  and  X  -  0.48S  um  The 
scattering  angle  pairs  are  (a)  48°/24°.  (b)  24°  12'. 
(c)  1276'.  (d)  6'/.r.  (e)  .t°/l.5°.  (f)  l°/0.5'.  and 
(g)  0.5°/0.2S°.  The  latter  curves  were  truncated  at  the 
first  minimum  although  all  of  the  response  curves  have 
oscillations  after  the  first  minimum  similar  to  the  data 
for  48'/24°. 

tice,  a  particle  is  sized  using  the  scattering 
ratio  measured  with  the  largest  angle  pair 
which  indicates  a  size  consistent  with  that 
determined  by  all  smaller  angle  pairs.  This 
procedure  eliminates  multivalued  response 
errors  and  ensures  that  a  particle  is  sized 
using  the  most  sensitive  possible  response 
curve.  A  dynamic  range  of  10  is  typical  for 
adequate  sensitivity  using  one  particular  an¬ 
gle  pair,  and  with  the  use  of  several  angles 
the  MRSPC  can  potentially  cover  sizes  from 
about  0.1  to  10  ^m  (3). 

A  schematic  of  a  typical  MRSPC  config¬ 
uration  is  shown  in  Fig.  3.  The  incident  laser 
beam  is  focused  by  a  lens  of  typically  10- 
to  40-cm  focal  length  to  a  focus  spot  of  10- 
to  200-/im  radius  at  the  1  /e^  intensity  points. 
The  receiving  system  collects  light  scattered 
by  particles  passing  near  the  focus  spot,  sep¬ 
arates  it  into  the  various  scattering  angles, 
and  directs  it  to  photodetectors.  Signals  from 
the  various  photodetectors  are  then  pro¬ 
cessed  to  determine  the  scattering  ratio.s  of 
interest.  MRSPC  working  spaces  of  20  60 
cm  are  typical  allowing  for  true  in  situ  op¬ 
eration. 

The  simplest  optical  receiving  system  lor 
a  ratio-type  SPC  would  consist  of  several 


i 


aSMJdXJ  INaMNUBAOO  XV  QBonqoudad 


SINGLfc-PARTICLE  COUNTER 


i:7 


^  SENSITIVE 
vVCX-UME 


MIRROR 


1 

\ 

11  ^  1 

B  k 

0  "  ! 

^  a  L 

I  A.  1 

- 

"'-f 

_J 

r  i_tj 

- 

ANNULAR 

IRISES 


photomultiplier 

TUBES  TO  QATA 
ACQUISITION 


END  VIEW 
ANNULAR  IRISES 
(  TWO  SHOWN) 
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off-axis  lens/pinhole/photodetector  combi¬ 
nations.  However,  it  is  advantageous  to  use 
coaxial  annular  detection  as  in  Fig.  3  be¬ 
cause  some  of  the  orientation  effects  present 
with  nonspherical  particles  are  averaged  out 
There  are  a  number  of  effectively  equivalent 
optical  techniques  for  separating  scattered 
light  into  portions  of  constant  scattering  an¬ 
gle  d.  Gravatt  (6)  used  a  set  of  conical  irises 
to  mask  the  scattered  light.  Another  general 
approach  which  decreases  the  physical  di¬ 
mensions  of  the  receiving  optics  is  to  place 
a  lens  one  focal  length  behind  the  laser  beam 
focus  and  refract  the  angularly  scattered 
light  to  be  nominally  parallel  to  the  laser 
beam  axis.  This  method  has  been  used  in  a 
large  number  of  investigations  (4,  14,  15, 
16).  The  scattering  angles  can  then  be  sep¬ 
arated  using  a  series  of  lenses  with  increasing 
diameters  (15)  or  by  using  series  of  plates 
with  concentric  annular  irises  to  separate  the 
scattered  light  into  annular  rings  (4.  16).  A 
fiber  optic  receiving  head  as  originally  pro¬ 
posed  by  MeSweeney  and  Rivers  (18)  and 
adopted  by  others  (4,  6,  16)  can  then  direct 
the  concentric  rings  of  scattered  light  to  sep¬ 
arate  detectors.  Unfortunately  spherical  ab¬ 


errations  in  the  receiving  lens  can  cause  axial 
misalignment  of  the  fields  of  view  of  the  \  ar- 
ious  detectors  resulting  in  decreased  reso¬ 
lution.  This  problem  was  solved  recenilv  (  P  i 
by  designing  and  photoeiching  annular  'rise- 
which  inherently  correct  for  the  lens  aber¬ 
rations  and  eliminate  the  misalignmeir. 
problem. 

Several  signal  processing  methods  for  ra¬ 
tio-type  SPC  are  possible.  Gravatt  (6)  per¬ 
formed  an  analog  integration  of  the  scatter¬ 
ing  signals  produced  by  particles  traversing: 
a  Gaussian  (TFA/qo)  laser  beam  before  per¬ 
forming  the  ratio  operation.  This  has  some 
advantages  over  simple  peak  height  detec¬ 
tion  which  would  be  more  sensitive  to  high- 
frequency  noise  on  the  signals.  In  the  present 
study  digital  signal  processing  techniques 
with  high-speed  (20-MH/)  analog-to-digita, 
conversion  coupled  with  digital  peak  height 
estimation  techniques  were  used  (lb)  Tlie 
microcomputer  controlled  system  then  cal¬ 
culates  the  various  ratios,  makes  the  logical 
decision  about  which  ratio  to  use  for  sizing, 
determines  the  size  from  the  appropri.ite  re 
sponse  calibration  curve,  and  finally  bund' 
the  size  distribution  histogram. 

Juurnai  Citlloid  anil  IniertOi  f  S.  If''. S  oi  v’  '  M;,  js 
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3.  RESPONSE  CHARACTERISTICS 

It  is  imperative  to  fully  understand  the 
response  characteristics  of  any  optical  par¬ 
ticle  analyzers  designed  for  in  situ  operation. 
This  is  true  because  in  general  there  is  no 
opportunity  for  redundant  analyses;  the  par¬ 
ticles  can  only  be  studied  for  the  short  time 
they  are  resident  in  the  light  beam.  The  fol¬ 
lowing  discusses  some  of  the  most  critical 
nonideal  effects  which  must  be  considered 
when  interpreting  in  situ  particle  counter 
data.  In  particular  theoretical  and  experi¬ 
mental  investigations  of  MRSPC  response 
characteristics  are  presented. 

i.  I  Refractive  Index  Effects 

It  is  an  unfortunate  characteristic  of  light 
scattering  by  small  particles  and  hence  of 
most  optical  aerosol  analyzers  that  the  par¬ 
ticle  refractive  index  (or  composition)  is  an 
important  parameter.  Generally,  an  SPC  is 
calibrated  with  spherical  particles  of  some 
particular  index  of  refraction,  but  in  prac¬ 
tical  application  different  refractive  indices 
may  be  encountered.  Sizing  errors  due  to 
variations  in  refractive  index  depend  on  the 
SPC  configuration,  a  worst  case  is  probably 
the  90°  (right-angle)  scattering  SPC  where 
errors  on  the  order  of  300%  are  possible  (4) 
if  absorbing  particles  are  analyzed  using  a 
calibration  curve  for  nonabsorbing  particles. 
Ratio-type  SPC  configurations  are  relatively 
insensitive  to  refractive  index  variations 
since  forward  scattering  is  used.  Figure  I 
demonstrates  the  refractive  index  effects  for 
the  12°/6°  scattering  ratio  which  are  quite 
indicative  of  those  for  other  scattering  angle 
pairs.  Response  curves  for  nonabsorbing  and 
weakly  absorbing  particles  typically  oscillate 
about  the  corresponding  predictions  for 
strongly  absorbing  particles  and  diffraction. 
As  the  complex  portion  of  the  refractive  in¬ 
dex  increases  the  ratio  response  curves  col¬ 
lapse  onto  the  monontonic  decreasing  func¬ 
tion  for  soot  to  within  a  few  percent 
regardless  of  the  specific  values  of  the  real 
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and  imaginary  parts  of  n.  When  using  ihc 
MRSPC  to  analyze  aerosols  of  unknown  re¬ 
fractive  index  it  is  advantageous  to  use  the 
n  =  1.56-0.47(  data  (or  something  similar) 
as  the  assumed  response  curve  in  order  to 
distribute  sizing  errors  both  plus  and  minus 
(4).  An  envelope  of  response  curves  fitr  a 
broad  range  of  practical  refractive  indices 
will  typically  fall  within  ±25'V  of  the  soot 
curve.  Boron  and  Waldic  (20)  studied  the 
problems  introduced  by  assuming  the  dif¬ 
fraction  theory  curve  for  the  response  mode' 
and  found  sizing  errors  up  to  40'(  for  poU 
styrene  latex  spheres  in  air  {/)  -  l.hO.si 
However,  it  is  clear  from  Fig.  I  that  th. 
diffraction  prediction  distributes  sizing  er 
rors  unevenly  toward  large  sizes. 

Quantitative  results  for  sizing  errors  dm 
to  variations  in  refractive  index  are  .show: 
in  Table  I.  To  calculate  the  data  in  T.ihic 
I  a  Lorenz-Mie  theory  computer  code  was 
used  to  determine  the  actual  scattering  rati^' 
for  a  particular  refractive  index  and  partick 
size.  This  actual  ratio  was  then  used  in  con¬ 
junction  with  the  assumed  ratio  resp.  ns  - 
curve  for  n  =  l,56-0.47i  to  determine  the 
corresponding  “measured"  particle  size.  The 
(normalized)  sizing  error  was  then  deiined 
as  the  difference  between  the  “measured" 
size  and  the  actual  size  divided  b>  the  actual 
size  assumed  for  the  calculation.  The  v.il- 
culations  were  carried  out  at  «  intervals  of 
0.25  over  one  decade  in  particle  size  up  lo 
the  first  minimum  in  the  diffraction  paitmn 
for  each  respective  angle  pair.  Decreasing 
the  step  size  was  found  to  ha'e  little  elfcsi 
on  the  data  of  Table  I. 

The  data  in  Table  I  indic.itc  the  large-; 
or  worst  case  errrors  to  be  about  tf  ;,  en¬ 
countered  for  nonabsorbing  aerosols  as  ex¬ 
pected.  However,  for  absorbing  par'.icles 
such  as  other  estimates  for  soot  in  -  1.57 
0.56(,  n  =  1.74  0.74()  and  graphite  le 
2.51-1.36/)  the  errors  arc  maximuni  abuui 
10%  but  with  root  mean  square  errors  of  onb. 
a  few  percent.  It  is  clear  that  the  .MR.SPt 
does  provide  a  reasonable  measurement  <7 
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SINGLE-PARTICLE  COUNTER 
TABLE  I 

MRSPC  Particle  Sizing  Errors  for  Spherical  Particles  of  Various  Refracioc  Induu-  vsith 
>1  =  1.56-0.47,  as  Assumed  Response  Curve 


6*/3*  l2'/6‘  .'4‘ 


Index  of 
refrectioo 

Max  % 

error 

rmx  % 

error 

Max  % 

error 

rmt  % 

error 

Ma*  '* 

1.56-0.471 

0.0 

0.0 

00 

0  0 

0  (1 

(111 

l.57-0.56( 

0.8 

0.1 

16 

0.5 

1  fy 

( 1 

1.74-0.741 

3.1 

0.7 

4.9 

1.6 

4  S 

2  } 

2.51-1. 36i 

4.5 

1.0 

10.7 

2.7 

10  4 

1.57-0.0/ 

28.4 

8.3 

30  1 

12,1 

35.0 

1 

1 .40-0.0/ 

25.3 

9.2 

28.5 

13.6 

30  1 

i  !  ’ 

1.40-0.05/ 

11.1 

4.0 

12.5 

7.1 

i  1,1 

■  ,, 

1.40-0.1/ 

8.7 

2.4 

10.0 

5.0 

9,9 

,,  ■ 

1.40-0.25/ 

5.7 

1.3 

5.8 

2  6 

5,8 

v.N 

1.33-0.0/ 

24.1 

lO.I 

32.2 

14.8 

18,9 

i  "!  1 ' 

particle  size  even  for  unknown  refractive 
index. 

3.2  Nonspherical  Particle  Effects 

Laser-based  SPC  measure  an  optical 
equivalent  particle  diameter,  i.e.,  the  diam¬ 
eter  of  a  sphere  of  refractive  index  corre¬ 
sponding  to  the  assumed  response  function 
which  has  the  same  light-scattering  prop¬ 
erties  as  the  particle  being  analyzed.  This 
optical  dimension  is  important  for  radiation 
and  visibility  considerations  but  often  the 
aerodynamic  equivalent  diameter  is  of  more 
interest.  To  reliably  interpret  SPC  data,  the 
equivalent  particle  size  actually  determined 
by  a  particular  instrument  must  be  under¬ 
stood.  Inference  of  an  equivalent  diameter 
other  than  that  explicitly  measured  is  then 
a  justifiable  possibility. 

Practical  aerosols  deviate  significantly 
from  the  ideal  case  of  spherical  particles. 
Soot  and  diesel  smoke  particles  are  chained 
agglomerates  of  tens  or  a  few  hundred  pri¬ 
mary  soot  nuclei  (21).  The  primary  soot  par¬ 
ticles  are  nominally  spherical  with  diame¬ 
ters  0.01-0.05  unt  and  agglomerate  to 
dimensions  up  to  several  micrometers.  Other 
possible  particle  shapes  can  range  from 
needle-like  asbestos  fibers  to  hollow  fly-ash 


cynospheres.  To  actually  predict  the 
sponse  of  a  particular  instrument  would 
quire  a  general  solution  to  the  prohlem 
light  scattering  by  irregular  particlo  whi 
is  presently  not  possible  except  for  select 
special  cases.  Fortunately,  the  forward  sc; 
ter  configuration  makes  it  possible  ii  the 
retically  approximate  MRSPC  response  i 
nonspherical  particles. 

As  previously  mentioned  light  sctitierin 
by  particles  can  be  viewed  (to  first  order) 
the  superposition  of  three  contributions: 
flection  of  radiation  from  the  particle  sur¬ 
face;  refraction  (and  absorption )  of  rtidiaiior 
passing  through  the  particle;  and  linalls 
diffraction  of  the  light  passing  around  ih. 
particle.  Scattering  patterns  for  sphere  o 
particles  considerably  larger  than  the  w:'.\e- 
length  have  in  ftict  been  quantitativcK  cal¬ 
culated  by  summing  contributions  from  thc,^' 
three  effects  (22)  and  found  to  he  in  re!;, 
tively  good  agreement  with  the  rigorous  Lor- 
enz-Mie  theory.  In  the  case  of  ncar-for\'.  ,i:  d 
scattering  (small  (I)  utilized  in  the  MRSPC  . 
the  diffraction  contribution  is  domin;int 
Unfortunately,  classical  Fraunhofer  diftr 
tion  theory  is  not  rigorously  valid  for  pani . 
sizes  on  the  order  of  the  w:ivclengih,  ;in  j 
absolute  scattering  intensity  calcuhnio;. ^ 
from  scalar  diffraction  theory  for  simiil  p.ir- 
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tides  can  be  in  considerable  error.  However, 
the  shape  of  the  forward  scattering  lobe,  as 
indicated  by  scattering  ratios,  can  be  pre¬ 
dicted  quite  well  for  spherical  particles  (5) 
using  diffraction  theory  as  indicated  by  Fig. 
1 .  The  good  agreement  between  diffraction 
and  Lorenz- Mie  calculations  for  highly  ab¬ 
sorbing  refractive  indices  is  not  surprising 
since  most  of  the  radiation  incident  on  the 
spherical  particle  cross  section  would  be  ab¬ 
sorbed,  leaving  a  very  small  refraction  con¬ 
tribution  to  the  energy  scattered  in  the  for¬ 
ward  direction.  Since  very  little  surface 
reflection  will  occur  in  the  forward  direction, 
only  the  diffraction  contribution  from  a 
“disk”  remains.  When  the  complex  portion 
of  the  refractive  index  goes  to  zero  (negli¬ 
gible  absorption),  the  transmitted  or  re¬ 
fracted  energy  becomes  significant  and  re¬ 
sults  in  a  fringe  structure  of  constructive  and 
destructive  interference  due  to  coherent  mix¬ 
ing  of  the  refracted  and  diffracted  waves. 
This  phenomenon  is  indicated  by  the  oscil¬ 
lations  in  the  ratio  responses  shown  in  Figs. 
1  and  2.  Similar  behavior  is  observed  for  all 
other  angle  pairs  of  Fig.  2  with  nonabsorbing 
particles. 

On  the  basis  of  applicability  of  diffraction 
theory  to  forward  scattering  calculations  for 
spherical  particles  with  diameters  on  the  or¬ 
der  of  the  wavelength,  it  is  reasonable  to 
postulate  that  forward  lobe  scattering  ratios 
as  measured  by  the  MRSPC  for  individual 
nonspherical  particles  can  also  be  approxi¬ 
mated  using  diffraction  theory.  Hodkinson 
(22),  Zerull  et  al.  (23),  and  Pinnick  t’l  al. 
(24)  have  obtained  some  experimental  re¬ 
sults  for  forward  .scattering  from  a  cloud  of 
nonspherical  particles  which  support  this 
postulate.  Unfortunately  there  is  no  exact 
theory  for  light  scattering  by  irregular  par¬ 
ticles  to  check  the  diffraction  approximation 
as  is  possible  for  spherical  particles  using 
l.oren/  Mie  theory. 

Some  further  indication  of  the  validity  of 
this  postulate  was  obtained  by  observing  the 
scattering  characteristics  of  clusters  of 
spherical  polystyrene  particles  dcpK)sited  on 
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microscope  slides.  Figure  4  shows  the  “im¬ 
ages"  of  2.02-^lm  polystyrene  spheres  (note 
that  2.02  /itn  is  approximately  the  imaging 
resolution  limit)  projected  onto  a  ground 
glass  plate  using  a  microscope  objective.  By 
traversing  the  microscope  objective  along  the 
laser  beam  axis,  images  of  far-field  scatter¬ 
ing  patterns  from  the  particles  of  Fig.  4 
could  be  observed  as  shown  in  Fig.  5.  In  Fig 
5  contributions  from  the  single  particles  are 
quite  difficult  to  resolve  and  the  far-field 
scattering  patterns  from  the  multiplet  par¬ 
ticles  approach  a  nominally  symmetric  form 
indicative  of  a  sphere  of  diameter  larger  than 
that  of  the  individual  particles  Note  the 
progression  of  diameters  of  the  first  dark  ring 
(or  first  minimum)  in  scattering  patterns  of 
the  singlet  on  the  left,  the  doublet  in  the  lop 
center,  and  the  triplets  in  Fig.  5.  The  de¬ 
creasing  ring  sizes  and  corresponding  angles 
of  the  first  scattering  minima  demonstrate 
increasing  equivalent  particle  sizes  as  ex¬ 
pected,  Further  experiments  with  1.01  l-/mi 
spheres  and  other  multiplet  panicle  forma¬ 
tions  (4)  also  supported  the  postulate  'h.ii 
the  dominant  properties  of  forward  sc.nier 
ing  by  nonspherical  particles  with  dimen¬ 
sions  on  the  order  of  the  waxelengih  e.m  I'  ■ 
estimated  with  reasonable  certtiiniy  ii^inc 
dilTraclion  theory.  The  MR.SPC  ciilie,;' 
scattering  in  concentric  annular  ringN  ..a:'- 
lered  in  the  nonspherical  particle  sc.ilieriii;: 
patterns  such  as  Fig,  5  and  “sees"  an  epiir. 
alent  spherical  particle. 

After  establishing  the  \;iiidit\  of  ib: 
fraction  approximation,  it  was  import. in'  ■ 
make  some  predictions  of  MRSPC  re-pon-. 
to  specific  nonspherical  particle  geoinetri  ■ 
Predictions  of  the  scattering  ratios  from  m- 
eral  two-dimensional  particle  shape  i  -ojec- 
tions  of  practical  interest  in  comlnistu  n  p 
plications  are  presented  in  I  tible  II  '1  he  '.o' 
two  agglomerates  in  Fable  II  are  proiecti  m 
of  actual  particle  shapes  obserocil  in  ,le-.  ,i  ■  i 
micrographs  of  diesel  exh.uist  particle-  i 
Vuk  and  .lohnson  1 27 1  The  c.iIcnLiiioi’- 
summed  the  I Taunholer  I  far-lieUi  I  sc.inco'  : 
light  amplitude  contributions  troin  eacli  s  : 
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TABLE  II 

MRSPC  Response  to  the  Nonspherical  Particle  Shapes  Indicated 


Particle  ihapc 

I2V6' 

6-/3* 

l2*/6“ 

12“/6“ 

6“/3“ 

oo 

1.15 

1.17 

1.07 

1.10 

1.02 

1.08 

n.9: 

i  ■ 

r- 

& 

1.05 

1.06 

0.98 

0.99 

0.98 

0.99 

0  96 

!  -1 

■ 

OCX) 

1.32 

1.33 

1.18 

1.29 

1.05 

1.20 

().7f. 

(1  " 

oooo 

CQ 

1.05 

t.06 

0.98 

0.99 

0.97 

0.99 

0,95 

1.1- 

1.48 

1.50 

1.28 

1.43 

0.96 

1.18 

0.77 

( 

1.00 

1.00 

0.93 

0.93 

0.93 

0  94 

0.94 

(.' 

2 

1.16 

117 

1.09 

1.12 

1.07 

1.11 

1)  99 

’  ■ 

1.29 

1.25 

1.15 

1,21 

1.07 

1  17 

(1  Mh 

Note.  The  quantity  is  tabulated  as  calculated  using  difl faction  theors. 


cular  subparticle  (4).  The  results  apply  to 
plane  electromagnetic  waves  incident  on  par¬ 
ticles  with  indicated  cross  sections  normal 
to  the  radiation  and  for  axially  symmetric 
annular  detectors.  This  symmetric  detection 
geometry  utilized  in  the  MRSPC  is  advan¬ 
tageous  in  reducing  the  effects  of  nonspher¬ 
ical  particle  orientation  on  the  measured 
size,  as  the  results  in  Table  II  are  indepen¬ 
dent  of  particle  rotation  about  an  axis  nor¬ 
mal  to  the  plane  of  the  paper.  Note,  however, 
that  three-dimensional  nonspherical  parti¬ 
cles  will  have  different  projections  and  hence 
different  responses  if  rotated  about  an  axis 
in  the  plane  of  the  paper. 

The  size  of  the  particles  in  Table  II  arc 
presented  on  an  area-equivalent  diameter 
basis,  such  that 

TT  J 

A  X  TT 

where  A  is  the  total  cross-sectional  area  of 
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TT  ;  4A 


the  cluster  projected  normal  to  the  liuht 
beam,  and  «  and  J  are  the  area-equi\ .''..t’ 
size  parameter  and  ditimeler.  respect o el' 
For  the  «  =  3  doublet,  each  indi'idual  spiier. 
would  be  of  size  parameter  o  .T.  (3)  m 
give  the  appropriate  total  area.  Also.  .i  '  .tha. 
for  rtprcdieicd/o  of  1.0  wouUl  indicate  ih.ii  '.(u 
MRSPC  would  “measure"  a  parlieie  d: 
ameter  corresponding  exactly  to  the  cr>  ss 
sectional  area  of  the  irregular  particle.  I  able 
II  indicates  that  the  MRSPC  does  quite  i 
in  indicating  eross-sectiitnal  are.i  for  nc.;.'; 
spherical  shapes  with  increasing  discrcp.m 
cies  as  the  aspect  ratio  increases.  Note 
that  the  sizes  as  seen  by  1.''  h  .on! 

ratios  are  equal  to  t'picalh  wilin  ' 
about  1 0'  .' . 

A  set  of  experiments  were  .iKo  pertornieii 
to  provide  further  undeist.mding  of  the 
MR.SPC  response  to  nonspherical  .icosolv 
Nonspherical  particles  of  a  known  .iiui  con 
stant  shape  would  have  been  best  for  these 
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calibrations  but  unfortunately  such  particles 
are  very  difficult  to  produce.  We  utilized 
constant-volume  particles  of  Nad  and 
(NH4)2S04  produced  from  isopropanol  so¬ 
lutions  with  a  Thermo-Systems  Inc.  Model 
3050  vibrating  orifice  droplet  generator. 
Scanning  electron  micrographs  of  the  non- 
spherical  crystals  used  in  these  experiments 
are  shown  in  Figs.  6  and  7. 

The  MRSPC  response  to  these  particles 
was  measured  for  12°/6°  and  6°/3°  scat¬ 
tering  ratios  and  the  results  are  plotted  at 
corresponding  volume  equivalent  diameters 
in  Figs.  8  and  9.  Also  plotted  for  reference 
are  Lorenz-Mie  theory  calculations  for 
spherical  particles  of  the  bulk  refractive  in¬ 
dex  of  NaCl  or  (NH4)2S04.  Each  symbol 
represents  the  mean  value  of  measurements 
of  at  least  450  particles,  and  the  95%  con¬ 
fidence  interval  is  also  indicated  by  the  sym¬ 
bol  dimensions.  The  larger  standard  devia¬ 
tions  for  6''/3°  were  due  to  less  off-axis 
overlap  of  the  sample  volumes  at  the  smaller 
scattering  angles. 

As  expected,  the  data  differ  from  the  the¬ 
oretical  predictions  for  spherical  particles, 
although  surprisingly  the  experimental  re¬ 
sults  seem  to  follow  to  .^ome  extent  the  larger 
scale  oscillations  in  the  Lorenz-Mie  curves. 


^ 


Fi(i.  8.  Scattering  ratios  for  6*/3°  (upper  curve)  and 
12®/6'*  (lower  curve).  The  solid  turves  arc  Loren/  Mie 
theory  predictions  for  spherical  (NID.-SO^  particles 
The  indicated  data  points  for  particles  as  shown  in  Fig. 
8  arc  plotted  as  volume-equivalent  diameters.  The  stan¬ 
dard  deviations  of  the  data,  averaged  over  all  measure¬ 
ments  for  each  of  the  two  angle  pairs  arc  indicated  by 
the  two  symbol  sizes. 
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Fig.  9.  Scattering  ratios  for  6°/3°  (upper  curve)  and 
12‘’/6‘’  (lower  curve).  The  solid  curves  are  Lorenz-  Mie 
theory  predictions  for  spherical  NaCI  panicles.  The  in¬ 
dicated  data  points  for  particles  as  shown  in  f  ig.  'J  arc 
plotted  as  volume-equivalent  diameters.  The  standard 
deviations  of  the  data  averaged  over  all  measuremerb 
for  each  of  the  two  angle  pairs  arc  indicated  hy  the  two 
symbol  sizes. 

Also  of  interest  is  the  fact  that  the  NaCl 
data  seem  to  agree  with  predictions  as  well 
as  for  (NH4):S04  despite  a  greater  degree 
of  nonsphericity  for  sodium  chloride  crystals 
as  shown  in  Figs.  6  and  7.  The  standard  de¬ 
viation  of  the  NaCl  data  was  somewhai 
greater  indicating  a  greater  sensitivity  to 
varying  particle  orientations  in  the  sample 
volume  for  the  more  irregular  geometry  . 

These  experimental  and  theoretical  resuli  -. 
confirm  that  MRSPC  response  is  indeed  rel¬ 
atively  insensitive  to  particle  shape.  We  et'n- 
clude  that  light-absorbing  particles  with  as¬ 
pect  ratios  up  to  4:1  and  nonabsorbing 
particles  with  deviations  from  spherical  as 
much  as  NaCl  in  Fig.  7  will  be  sized  by  the 
MRSPC  to  within  about  40%  of  the  cross- 
scctional  area  equivalent  diameter.  The  siz¬ 
ing  uncertainty  for  cases  of  nonsphcricai 
particles  with  aspect  ratios  close  to  one  wd! 
be  much  better,  on  the  order  of  10  20''i .  In 
practice  the  shape  contribution  to  MRSPC' 
response  uncertainties  is  quite  comparable 
in  magnitude  to  unknown  refractive  index 
effects. 

3.3  Sample  yolume  Correct  inn 

In  order  to  resolve  scattering  from  imii- 
vidual  submicron  particles  with  an  SPC  i' 
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is  generally  necessary  to  use  a  focused  laser 
beam  as  the  incident  light  source.  The  most 
common  laser  mode  is  the  fundamental 
TEMoo,  which  possesses  a  Gaussian  radial 
intensity  distribution  across  the  beam.  In 
that  case  the  optical  sample  volume  of  an 
SPC  designed  for  in  situ  operation  becomes 
somewhat  poorly  defined.  Here  the  optical 
sample  volume  can  be  considered  as  that 
region  in  space  where  particles  are  “seen” 
by  the  SPC.  For  example,  very  small  par¬ 
ticles  will  generate  sufficient  signals  to  be 
detected  above  the  background  or  threshold 
noise  level  only  when  passing  near  the  focus 
center  of  highest  intensity.  Conversely,  par¬ 
ticles  of  larger  scattering  cross  sections  can 
be  detected  even  when  passing  through  off- 
center  portions  of  the  laser  beam  with  lower 
incident  intensity.  Thus  uncorrected  laser 
particle  counter  data  are  heavily  weighted 
toward  large  particles  and  this  size-selective 
sampling  bias  must  be  considered  for  accu¬ 
rate  determination  of  particle  size  distribu¬ 
tions. 

To  adequately  model  this  size-selective 
sampling  effect  the  following  aspects  of  an 
SPC  must  be  considered. 

1 .  Intensity  distribution  near  the  laser  fo¬ 
cus. 

2.  Light-scattering  characteristics  of 
spherical  particles  based  on  Lorenz- Mie 
theory  and  irregular  particles  using  the  dif¬ 
fraction  approximations. 

3.  The  geometry  and  optical  properties  of 
the  receiving  optics  including  finite  field  of 
view  effects. 

4.  Data  acquisition  electronics. 

In  practice  the  optical  sample  volume  of 
in  situ  SPC  is  generally  defined  by  the  re¬ 
ceiving  optics  field  of  view  along  the  laser 
beam  axis  and  in  the  radial  direction  by  the 
laser  focus  intensity  distribution.  This  is  true 
because  equal  intensity  contours  near  a 
Gaussian  laser  beam  focus  are  very  elon¬ 
gated  in  the  axial  direction  (25).  Typical 
sample  volume  dimensions  are  20  100  um 


radially  (at  the  \/e~  intensity  points)  and 
several  millimeters  axially. 

A  theoretical  discussion  of  TEM„  lasei 
beams  and  intensity  distribution  propenic- 
near  a  focus  with  emphasis  on  in  situ  SPC 
applications  has  been  presented  elsewhere  b\ 
Hirleman  and  Stevenson  (25).  Technique- 
for  experimentally  measuring  laser  focu- 
proptrties  include  traversing  a  small  wire  or 
pinhole  across  the  beam  or  by  magnifying 
the  beam  onto  a  photodiode  array.  Theory 
and  experiment  have  been  found  to  acre, 
quite  well  here  (3,  4.  17.  19).  In  order  te 
theoretically  predict  the  sample  volume  ^ 
one-dimensional,  uniform  particle  flow  w.o 
initially  assumed.  A  plane  containing  tii 
laser  beam  axis  was  divided  into  a  twe-d; 
mensional  grid.  The  light  scattered  by  a  p.;r 
tide  situated  at  the  center  of  each  grid  Cc: 
proportional  to  the  laser  intensity  at  iii.v 
cell,  was  integrated  over  the  viewing  arcr 
ture  of  each  detector.  It  was  then  neccs'ii."  . 
to  assume  a  threshold  or  minimum  rccog 
nizable  signal  level  for  each  detector.  Par¬ 
ticles  at  grid  cells  which  generated  sufticiem 
scattered  energy  signals  at  each  dciecic' 
would  then  be  “seen”  by  the  MRSPC.  i  ht 
summation  of  the  area  of  all  grid  cells  which 
generated  detectable  signals  for  a  given  par¬ 
ticle  size  then  represents  the  sensitive  L-.r.c 
A,  or  in  other  words  the  projection  o,"  ;!u 
optical  sample  volume  into  a  p'ane  normai 
to  the  particle  flow.  This  area  is  then  u  func¬ 
tion  of  particle  scattering  characteristic', 
since  better  scatterers  generate  detect  :blc 
signals  even  when  passing  through  the  shoul¬ 
ders  of  the  Gaussian  intensity  distribution 
Theoretical  predictions  of  the  sample  volume 
sensitive  area  for  a  particular  MRSPC  (  :  ~ 
are  shown  in  Fig.  10.  Again  the  response  f  o 
nonabsorbing  polystyrene  spheres  ( «  -  I  60.s  • 
shows  much  more  o.scillatory  bcha\ior  tl; a;' 
does  the  prediction  for  spherical  sooi  pani¬ 
cles.  The  threshold  scattering  cross  se-iKin 
(A,  =  0)  for  thd  polystyrene  in  Fig.  10  c.'r- 
responded  to  a  diameter  at  0.422  um  lor  a 
He-Cd  laser  with  X  -  0  4416  um  .X^  ex 
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pected  this  corresponds  to  a  larger  soot  par¬ 
ticle  size  due  to  the  absorption. 

In  order  to  experimentally  verify  the 
model  used  to  predict  Fig.  10  it  is  necessary 
to  generate  a  calibration  aerosol  of  known 
and  preferably  constant  concentration.  In 
the  experiments  reported  here  appropriately 
diluted  isopropanol  solutions  of  polystyrene 
spheres  were  atomized  and  dried  using  stan¬ 
dard  techniques  (4)  to  produce  a  calibration 
aerosol.  Since  the  processes  of  deposition  and 
agglomeration  in  the  nonideal  calibration 
aerosol  system  are  effectively  impossible  to 
model,  it  was  decided  to  independently  mea¬ 
sure  the  aerosol  concentration  at  the  MRSPC 
sample  volume.  This  was  done  using  a  con¬ 
ventional  90°,  white-light  SPC  similar  to 
that  of  Borho  (26).  A  100-W  mercury  lamp 
with  a  0.25-mm^  arc  size  was  used  to  illu¬ 
minate  the  particles.  A  0.6-mm  slit  imaged 
at  1:1  served  as  the  receiving  aperture  in 
front  of  a  photomultiplier  tube  oriented  at 
right  angles  to  the  incident  light  beam  from 
the  arc  lamp.  The  optics  defined  a  sensitive 
area  of  dimensions  1.27  X  0.6  mm  as  pro¬ 
jected  normal  to  the  plane  of  the  incident 
and  scattered  beams  for  this  90°  SPC.  The 
incoherent  light  source  was  advantageous 
here  in  order  to  define  a  sample  volume  with 
approximately  a  “tophat”  intensity  distri¬ 
bution.  This  then  eliminated  the  size-selec¬ 
tive  sampling  bias  problems  associated  with 
Gaussian  laser  beam  intensity  profiles.  An 
indication  of  the  intensity  profile  across  the 
white-light  SPC  sample  volume  is  shown  in 
Fig.  11.  Here  a  1024-element  linear  photo¬ 
diode  array  (25-nm  centers)  was  placed  at 
the  sample  volume,  and  a  signal  proportional 
to  the  intensity  incident  on  each  diode  is 
displayed  by  a  digital  oscilloscope  in  Fig.  1 1 . 
The  intensity  profile  in  the  sample  volume 
is  nearly  flat  with  edge  effects  contributing 
approximately  a  15%  uncertainty. 

The  sample  volumes  of  the  MRSPC  and 
the  90°  white-light  SPC  were  overlapped  for 
the  experiments.  Polystyrene  spheres  of 
1011,  2.02,  and  3.0  ^m  flowing  in  air  exited 
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Fio.  10.  Plot  of  sensitive  area  .■!,  vs  particle  si/e  for 
l2°/6°  ratio  pair.  Plotted  with  the  theoretical  predic¬ 
tions  are  experimental  data  for  polystyrene  calibration 
spheres  (n  =  1.605)  taken  at  X  =  0.4416  (im.  One  un¬ 
determined  calibration  factor  for  the  experimental  data 
(the  same  factor  for  all  3  data  points)  was  fixed  by 
optimizing  the  fit  between  theory  and  experiment. 

a  5-cm  tube  and  passed  through  the  SPC 
sample  volumes.  This  calibration  aerosol  jet 
was  several  times  larger  than  the  largest 
dimension  of  the  optical  sample  volume.  The 
absolute  concentration  of  the  calibration 
aerosol  was  measured  in  real  time  with  the 
90°  SPC.  The  sensitive  area  of  the  MRSPC 
was  then  easily  determined  from  the  known 
aerosol  velocity  and  the  results  plotted  in 
Fig.  10. 

The  agreement  between  theory  and  ex¬ 
periment  in  Fig.  10  is  quite  good  for  the  lim¬ 
ited  number  of  data  points.  Unfortunately, 
particles  smaller  than  1.0  nm  were  very  dif¬ 
ficult  to  detect  with  the  90°  SPC  and  it  was 
not  practical  to  atomize  particles  larger  than 
3.0  /zm.  However,  the  predictions,  although 
tedious,  are  reasonably  straightforward  and 
without  highly  speculative  assumptions.  V\  c 
therefore  conclude  that  the  model  is  quit 
adequate  for  use  in  predicting  probe  volume 
corrections  for  an  MRSPC. 

In  practice  it  is  necessary  to  assume  some- 
type  of  mean  or  averaged  curve  for  the  probe 
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Kici.  11.  Scan  of  output  from  1024-element  linear  photodiode  array  facing  the  in.idenl  hcani  at  i.  c 
sample  volume  of  the  90°  white-light  SPC.  The  diodes  are  on  25-pm  centers  and  the  incident  beam 
width  shown  is  about  1.27  mm. 


volume  correction  as  again  it  depends  on  the 
unknown  particle  refractive  index.  Predic¬ 
tions  such  as  in  Fig.  10  indicate  that  a  mean 
correction  curve  (e.g.,  of  soot)  for  unknown 
particle  compositions  will  introduce  an  un¬ 
certainty  of  about  30%  in  size  distribution 
with  an  MRSPC. 

3.4  Resolution 

The  resolution  of  a  SPC  is  defined  in  terms 
of  response  to  a  monodisperse  (uniform  size) 
aerosol.  A  number  of  factors  including  elec¬ 
tronics  and  data  acquisition  system  errors, 
multivalued  response  functions,  illumination 
intensity  fluctuations,  finite  receiving  aper¬ 
ture,  and  finite  sample  volume  effects  com¬ 
bine  to  produce  a  broadened  SPC  particle 
size  distribution  output  response  even  for  a 
monodisperse  aerosol  of  spherical  particles. 
This  broadening  is  important  in  determining 
the  ability  of  an  SPC  to  resolve  detailed 
structure  of  narrow  and/or  bimodal  particle 
size  distributions. 

Resolution  can  be  quantified  in  terms  of 
where  Ad  is  a  statistical  measure  of 


the  uncertainty  (or  response  broadening)  i 
determining  the  size  of  a  particle  ofdia.meic 
d.  Since  SPC  response  functions  and  sens, 
tivity  are  functions  of  diameter  the  resol.: 
tion  Adfd  is  dependent  on  J  as  well.  Not 
that  the  resolution  Ad/d  is  also  related  : 
the  discrete  size  bin  increments  of  a  panic 
ular  instrument,  since  it  is  clearly  usele.  •  i. 
divide  the  size  range  into  intervals  muc’ 
smaller  than  the  broadening  errors  Ai- 
Often  the  size  bin  inc'  ments  are  fi.sea 
coarse  enough  to  ensure  that  most  particle.- 
in  a  monodisperse  aerosol  are  classified  intc 
one  size  bin.  A  priori  information  aboui  tlu. 
refractive  index  and  the  amount  of  deviation 
from  spherical  particle  shapes  should  also, 
influence  the  size  increments  in  reported  size 
distribution. 

In  order  to  study  MRSPC  resolution  t'u 
computer  simulation  discussed  in  the  pre 
vious  section  on  sample  volume  effects  v-to 
utilized.  A  map  of  ratio  response  ;is  a  func 
tion  of  position  in  the  sample  volume  wa- 
made  assuming  one-dimensional  partic  c 
trajectories  normal  to  the  laser  beam  (4! 
This  was  again  accomplished  by  tracinc 
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scattered  light  rays  through  the  annular  iris 
receiving  system  accounting  for  variations 
in  both  0  and  <t>  (azimuthal)  scattering 
angles. 

A  typical  MRSPC  response  distribution 
predicted  for  a  monodisperse  aerosol  is 
shown  in  Fig.  12.  Broadening  due  to  differ¬ 
ent  dependencies  of  collection  aperture  on 
particle  position  for  the  12  and  6°  detectors 
is  clear  in  Fig.  1 2.  This  prediction  is  typical 
of  that  expected  for  the  range  of  angles  and 
annular  receiving-svstem  designs  of  in  situ 
MRSPC. 

Experimental  measurements  of  resolution 
have  been  made  by  the  first  author  at  two 
previous  laboratories  in  addition  to  data 
taken  in  the  present  work.  The  measure¬ 
ments  of  Ad/d  at  12‘’/6‘’  for  nominally  1- 
;im  polystyrene  spheres  were  0.41  (4),  0.40 
(4),  and  0.29  here  (17).  The  latter  two  mea¬ 
surements  were  for  similar  but  not  identical 
lens/annular  iris  plate  receiving-system  de¬ 
signs.  The  prediction  of  resolution  for  the 
0.40  data  point  was  0.28.  Although  detailed 
predictions  of  resolution  for  the  latest  design 
are  not  presently  available,  recent  design  im¬ 
provements  (17)  should  improve  the  pre¬ 
dicted  resolution  to  somewhat  better  than 
the  0.28  value.  We  feel  that  experimental 
errors  account  for  the  small  difference  be¬ 
tween  predicted  and  measured  resolution 
and  that  the  computer  simulation  is  quite 
adequate.  In  practical  applications  of  in  situ 
MRSPC  a  Ad/d  of  approximately  0.30  is 
expected  (3). 

SUMMARY  AND  CONCLUSIONS 

The  development  of  accurate  in  situ  tech¬ 
niques  for  measuring  concentrations  and  size 
distributions  of  aerosols  in  combustion  en¬ 
vironments  constitutes  a  broad  and  funda¬ 
mentally  important  task.  Laser  techniques 
have  great  potential  for  this  application  but 
a  number  of  real  effects  must  be  considered 
to  ensure  reliable  measurements.  A  detailed 
analysis  of  several  important  potential  prob¬ 
lems  with  emphasis  on  the  multiple-ratio 
counter  (MRSPC)  was  completed. 
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Fig.  12.  Response  probability  distribution  function 
of  a  12°/6°  MRSPC  to  I.OI  l-uni  polystyrene  spheres 
in  air.  Here  N  is  the  number  of  counts  at  a  particular 
ratio  value. 


First,  an  analysis  of  the  effects  of  un¬ 
known  particle  refractive  index  was  com¬ 
pleted  and  indicated  the  relative  advantages 
of  forward  scattering  instruments.  Second, 
a  model  was  postulated  to  allow  prediction 
of  the  response  of  ratio  counters  to  non- 
spherical  particles.  Some  experimental  mea¬ 
surements  supported  the  theory  and  a  sub¬ 
sequent  analytical  study  on  a  range  of 
particle  geometries  expected  in  combustion 
environments  confirmed  that  forward  scat¬ 
tering  ratio  instruments  are  relatively  insen¬ 
sitive  to  particle  shape  and  surface  charac¬ 
teristics.  Next,  a  comprehensive  computer 
simulation  was  developed  to  allow  complete 
theoretical  analysis  of  the  laser  MRSPC  s>  s- 
tem.  Detailed  predictions  of  the  uependence 
of  sample  volume  on  particle  size  and  res¬ 
olution  were  made  and  experimental  work 
confirmed  the  validity  of  the  model.  The 
overall  analysis  indicated  that  the  MRSPC 
can  make  in  situ  measurements  of  the  size 
distribution  of  moderately  nonspherical  par 
tides  of  unknown  refractive  index  with  a 
total  uncertainty  on  the  order  of  50%. 
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analyzers:  optical  sample  volume  extent  and  lens  effects 
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Abstract.  The  response  characteristics  of  laser  diffraction  particle  sizing 
instruments  were  studied  theoretically  and  experimentally.  In  particular, 
the  extent  of  optical  sample  volume  and  the  effects  of  receiving  lens 
properties  were  investigated  in  detail.  The  experimental  work  was  per¬ 
formed  with  a  Malvern  Instruments  Ltd.  Model  2200  particle  size  analyzer 
using  a  calibration  reticle  containing  a  two-dimensional  array  of  opaque 
circular  disks  on  a  glass  substrate.  The  calibration  slide  simulated  the 
forward-scattering  characteristics  of  a  Rosin-Rammler  droplet  size  dis¬ 
tribution.  The  reticle  was  analyzed  with  collection  lenses  of  63  mm,  100 
mm,  and  300  mm  focal  lengths  using  scattering  inversion  software  that 
determined  best-fit  Rosin-Rammler  size  distribution  parameters.  The 
Malvern  2200  data  differed  from  the  predicted  response  for  the  reticle  by 
about  10%.  The  discrepancies  are  attributed  to  nonideal  effects  in  the 
detector  elements  and  the  lenses.  A  set  of  calibration  factors  for  the 
detector  elements  was  determined  here  that  corrected  for  the  nonideal 
response  of  the  instrument.  The  response  of  the  instrument  was  also 
measured  as  a  function  of  reticle  position,  and  the  results  confirmed  a 
theoretical  optical  sample  volume  model  presented  here. 


Keywords:  particle  sizing  and  spray  analysis:  laser  diffraction  particle  sizing:  in¬ 
strumentation:  instrument  for  particle  sizing  in  sprays. 
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1.  INTRODUCTION 

Light  scattering  by  particles  and  droplets  has  been  used  as  a  sizing 
diagnostic  for  many  years.'  For  particles  significantly  larger  than 
the  wavelength  (D/X  >  10),  most  of  the  light  is  scattered  in  the  for¬ 
ward  direction  at  small  scattering  angles  as  measured  from  the  inci¬ 
dent  beam  propagation  direction.  Under  these  conditions 
Fraunhofer  diffraction  theory  adequately  describes  the  scattering 
phenomena  for  most  applications.-  Analysis  of  forward-scattering 
signatures  has  been  used  to  infer  information  about  particle  and 
droplet  size  distributions’  ’  for  many  years.  Commercial  in- 

Iruifcd  J'.ipcr  PS  lOH  received  March  ^1,  P>H4.  icMscd  inaiuiscripi  rcccivod  fiitv  2. 
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I9K4 
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struments  based  on  this  general  approach  have  been  available  for 

about  10  years. *’  *’  *  *  t 

The  schematic  of  a  common  laser  diffraction  apparatus  is  shown 
in  Fig.  1.  This  technique  has  been  rather  extensively  reviewed 
elsewhere,-"’  "’  and  we  summarize  only  son.e  important  aspects  here. 
A  laser  beam  is  collimated  to  several  millimeter  diameter  and 
pas.sed  through  the  particle  stream  or  cloud.  Some  of  the  laser 
energy  that  is  scattered  by  particles  in  the  beam  is  collected  by  the 
receiving  or  transform  lens  and  directed  to  the  back  focal  plane  for 
processing.  The  intensity  distribution  on  this  back  focal  or 
transform  plane  is  directly  related  to  the  Fourier  transform  of  the 
intensity  distribution  in  the  front  focal  plane  of  the  lens. 

interrogation  of  the  diffraction  signature  can  be  performed  using 
deiecior(s)  located  in  the  transform  plane  or  by  using  transmission 
masks  of  special  design  at  the  transform  plane”' ’followed  by  a  field 
lens  and  single  detector.  Early  implementations  of  the  former  ap¬ 
proach  involved  translation  of  a  single  detector  across  the 
transform  plane,  but  more  recently  photodetector  arrays  have  been 
used  to  simultaneously  sample  the  entire  diffraction  pattern. 

In  this  paper  we  consider  the  configuration  proposed  by  Swithen- 
bank  et  al..'’  which  is  the  basis  for  a  series  of  commercial  in¬ 
struments  manufactured  by  Malvern  Instruments  Ltd.  Those 
researchers’’  utilized  a  monolithic  photodiode  array  detector  com¬ 
posed  of  31  semicircular  concentric  annular  detectors  developed  by 
Recognition  Systems  Inc.  (Van  Nuys,  California).  The  scattering 

•MiiUem  Instruments  1  til..  MiiKcrn.  \N\>rcesiershire.  I  n^laiui 
H  onipa^fmo  IndusineUc  des  1  .asers  ((  II  .AS).  MarumisM’'.  I  t.incc 
t1  cedN  aiul  Norihrup.  Muri'ir;K  Division.  I  ar^jo.  I  lorida 
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RESPONSE  CHARACTERISTICS  OF  LASER  DIFFRACTION  PARTICLE  SIZE  ANALYZERS:  OPTICAL  SAMPLE  VOLUME  EXTENT  AND  LENS  EFFECTS 


Fig.  1.  Schematic  of  laser  diffraction  particle  sizing  instrument. 


inversion  techniques  include  those  which  assume  the  form  of  the 
distribution  function  (e.g.,  Rosin-Rammler  or  log-normal)  and  per¬ 
form  a  least  squares  analysis  of  the  scattering  data  to  determine  the 
best-fit  size  distribution  parameters.  Other  inversion  methods  are 
available-''''  "’’’  that  do  not  invoke  the  assumption  of  a  size 
distribution  form.  For  the  present  study  we  consider  the  Rosin- 
Rammler  size  distribution  software  and  present  experimental 
results  obtained  using  a  calibration  reticle  designed  to  simulate  a 
Rosin-Rammler  size  distribution.  However,  the  results  and  models 
presented  here  are  relevant  to  general  laser  diffraction  particle  siz¬ 
ing  problems  and  are  not  limited  to  the  Malvern  instrument  or  a 
particular  size  distribution  function. 


2.  THEORY 

2.1.  Diffraction  by  sphericai  particies 

Consider  particles  illuminated  by  a  collimated  laser  beam  as  in  Fig. 
1.  A  monodisperse  ensemble  of  spherical  particles  that  are  large 
compared  to  the  wavelength  would  produce  the  characteristic  Airy 
diffraction  pattern  (neglecting  anomalous  diffraction),  as  described 
by  Fraunhofer  diffraction  theory'--: 


Kf)  = 


dir 


ir^D‘* 

16X2 


2J,(;rD0/X) 

()rD0/X) 
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(1) 


where  1(d)  is  scattered  intensity  at  the  angle  8  measured  from  the 
laser  beam  axis,  c  is  a  proportionality  constant,  is  the  intensity 
of  the  incident  beam,  J,  is  the  first-order  Bessel  function  of  first 
kind,  D  is  the  particle  diameter,  and  X  is  the  laser  wavelength.  The 
obliquity  correction  has  been  neglected  in  Eq.  (1),  and  the  small 
angle  approximation  of  sin0  =  8  has  been  made.  The  coefficient  of 
the  bracketed  squared  term  is  the  on-axis  scattering  intensity  1(0). 

In  practical  systems  a  distribution  of  particle  sizes,  or  a 
polydispersion,  is  generally  encountered.  The  composite  scattered 
intensity  profile  is  a  linear  combination  of  the  characteristic  pro¬ 
files  of  each  droplet  size  with  a  weighting  coefficient  equal  to  the 
number  of  particles  of  that  size  in  the  sample  volume.  The  diffrac¬ 
tion  signature  of  a  polydisperse  spray  is  given  by 


=  cli„,. 
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where  n  is  a  differential  number  distribution  such  that  n(D)dD  is 
the  number  of  particles  in  the  laser  beam  with  sizes  between  D  and 
D  +  dD.  Note  that  Eq.  (2)  assumes  a  uniform  intensity  profile 
across  the  laser  beam  (constant  I|^^.);  also  n(D)  integrated  over  all 
particle  sizes  is  the  total  number  of  particles  in  the  beam. 

The  scattered  light  that  is  refracted  by  the  receiving  lens  in  1  ig.  1 
is  directed  onto  the  transform  plane  at  radial  positions  given  b\ 
(neglecting  lens  aberrations) 


where  f,  r,  and  8  are  defined  in  Fig.  1 .  Note  that  Eq.  (3)  is  indepen¬ 
dent  of  scattering  particle  position.  Consider  an  array  of  annular 
detector  elements  where  rj.  and  ro-  are  the  inner  and  outer  radii, 
respectively,  of  the  j'"  ring  detector.  The  j'"  detector  collects 
(neglecting  vignetting  by  the  receiving  lens  aperture)  a  hollow  cone 
of  scattered  light  defined  by  inner  and  outer  scattering  angles 
^ij  and  8o-,  which  are  related  to  r  through  Eq.  (3).  The  scattered 
light  energy  Sj  collected  by  the  j'"  finite  aperture  annular  ring 
detector  is  obtained  by  integrating  1(0)  from  Eq.  (2)  over  the  aper¬ 
ture,*  giving 


'-*inc 


where 
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rrDrp 
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with  n  indicating  the  order  of  the  Bessel  function  and  p  indicating 
inner  i  or  outer  o  detector  radius. 

2.2.  Inversion  of  scattering  data 

The  inverse  scattering  problem,  that  is,  to  determine  the  particle 
size  distribution  n(D)  from  measured  light-scattering  signatures  1(0) 
or  Sj,  has  been  studied  for  many  years.  Integral  transform  inver¬ 
sions  of  Eq.  (2)  are  possible, but  are  not  commonly  used  at  pres¬ 
ent.  Generally  the  size  distribution  is  divided  into  a  finite  number 
of  discrete  size  classes,  typically  of  the  order  2'  or  2'*.  In  some  cases 
the  size  distribution  function  is  assumed  to  follow  some  common 
form  with  two  degrees  of  freedom,  such  as  Rosin-Rammler*'*  or 
log-normal.  Other  approaches'®’*  do  not  constrain  the  results  to  a 
particular  form  and  are  termed  model-independent  inversion 
methods. 

In  this  paper  we  will  confine  our  attention  to  Rosin-Rammler  size 
distribution  models.  The  Rosin-Rammler  distribution  function  is 
given  by" 


where  R  is  the  volume  fraction  of  particles  with  a  diameter  greater 
than  D,  N  is  a  parameter  related  to  the  polydispersity  of  the 
distribution  (N  =  oo  i.s  monodisperse),  and  x  is  a  representative 
mean  diameter  such  that  37.8%  of  the  total  particle  volume  is 
greater  than 

The  scattering  inversion  problem  then  becomes  one  of  determin¬ 
ing  values  of  X  and  N  for  which  corresponding  predictions  for 
Sj  from  Eq,  (4)  match  measured  scattering  data.  The  Malvern 
ST18(K)  and  22(X)  instruments  divide  the  particle  sizes  into  15 
discrete  size  intervals  and  sum  the  scattering  from  pairs  of  adjacent 
ring  detector  elements  to  give  effectively  15  scattering 
measurements.  The  set  of  diameter  limits  Dj  ^  and  (Table  I) 
are  fixed  b\  the  detector  geometry  such  that  the  so-called  “energy 
distribution."  or  !(«)".  is  in  a  sense  optimized.  T  ie  scattering  func¬ 
tion  l(«K<  reaches  a  maximum  at  the  angle  0^^  given  by 


X 


and  at  a  radial  position  c'li  the  detector  plane  from  Eq.  (3)  given  by 


r  =  f0  , 


(3) 
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TABLE  I.  Size  Class  Limits  for  Malvern  2200  Laser  Diffraction 
Particle  Sizing  Instrument  with  300  mm  Focal  Length  Receiving 


TABLE  II.  Dimensions  of  the  Annular  Detector  Elements  of  the 
Malvern  2200  Photodiode  Array  Detector* 


Lens 

Detector 

Inner  radius 

Outer  radius 

Lower  size 

Upper  size 

ring  No. 

(mm) 

(mm) 

Size  class  No. 

limit  Dl  (jim) 

limit  Du  (gm) 

1 

0.149  (0.124) 

0.218 

1 

261.6 

564.0 

2 

0.254 

0.318 

2 

160.4 

261.6 

3 

0.353 

0.417 

3 

112.8 

160.4 

4 

0.452 

0.518 

4 

84.3 

112.8 

5 

0.554 

0.625 

5 

64.6 

84.3 

6 

0.660 

0.737 

6 

50.2 

64.6 

7 

0.772 

0.856 

7 

39.0 

50.2 

8 

0.892 

0.986 

8 

30.3 

39.0 

9 

1.021 

1.128 

9 

23.7 

30.3 

10 

1.163 

1.285 

10 

18.5 

23.7 

11 

1.321 

1.461 

11 

14.5 

18.5 

12 

1.496 

1.656 

12 

11.4 

14.5 

13 

1.692 

1.880 

13 

9.1 

11.4 

14 

1.915 

2.131 

14 

7.2 

9.1 

15 

2.167 

2.416 

15 

5.8 

7.2 

16 

2.451 

2.738 

17 

2.774 

3.101 

’Malvern  Instnjfnenis  H(3 

,  MaWern,  Wofceslershire.  England 

18 

3.137 

3.513 

19 

3  549 

3.978 

20 

4.013 

4.501 

21 

4.536 

5.085 

22 

5.121 

5.738 

-  =  1.357  . 

(8) 

23 

5.773 

6  469 

24 

6.505 

7.282 

25 

7  318 

8  184 

Note  that  an  incorrect  value  of  1.375  has 

appeared  in  the 

26 

8  219 

9,185 

literature'’  '^  as  the  right-hand  side  of  Eqs.  (7)  and  (8).  A  particular 

27 

9.220 

10.287 

annular  detector  element  with  r;.  and  ro,  specified  is  most  respon- 

28 

10.323 

11.501 

sive  to  particles  in 

a  finite  size  range  with  diameter  limits  deter* 

29 

11.537 

12,837 

mined  by  Eq.  (8).  For  example,  from  Table  II  consider  composite  ring 

30 

12.873 

14.300 

detector  No.  14  comprised  of  elements  27  and  28  with  r^i^  - 
1 1 .501  mm.  For  f  =  300  mm  and  X  =  0.6328  ^<m,  the  value  D,  14  = 
=  7.224  (im  satisfies  Eq.  (8)  with  the  incorrect  constant  1.375. 

Once  the  set  of  D^;  and  D,  is  determined,  it  is  useful  to  define  a 
scattering  intluence  coefficient  matrix  C  such  that  a  unit  volume  of 
particles  in  the  size  interval  from  D 
signal  C|^|  on  the  j'^  detector  element.  C, 
stant  bv 


1 1^  to  D|i|<  produces  a  scattering 


-kj 


is  given  to  within  a  con- 


•^1  K 

Q.,  = - 


dD 


(9) 


•The  only  discrepancy  is  the  mnef  faOtus  of  Rmg  No  1  which  was  reporied^^  as  0  12^ 
inm  However,  the  corresponding  elements  of  the  scattering  matrix  used  m  the  Malvern 
2200  instrument  (Malvern  Instrurnenis  Ltd  Malvern  Worcestershire.  England)  are  consis 
lent  with  the  value  ot  0  149  mm  shown  ne'e 


Rammler  distributions  typical  of  liquid  sprays  is  the  presence  of 
significant  particle  volume  below  the  smallest  D, .  In  contrast,  there 
is  very  seldom  significant  volume  above  the  largest  .  To  account 
for  this  problem  another  £olumn  of  the  C  matrix  can  be  generated, 
and  another  entry  in  the  V  vector  representing  the  particle  volume 
below  the  smallest  value  of  D,  can  be  used  in  the  solution.  The  in¬ 
verse  scattering  problem  can_then  be  posed:  find  the  values  of  Tand 
N  and  the  corresponding  V  that  minimize  the  magnitude  or  sum 
square  of  the  residual  error  vector  7  defined  by 


f 


n(D)  —  dD 
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S  -  C  V 
■’exp  *  ’ 


(ID 


'I  k 


where  the  denominator  is  just  the  total  particle  volume  in  the  k'** 
size  interval.  Note  that  knowledge  of  the  size  distribution  function 
is  required  to  solve  Eq.  (9)  as  formulated.  Since  again  n(D)  is  not 
known  a  priori,  it  is  convenient  to  assume  that  the  unit  volume  for 
the  k'^'  size  interval  is  divided  into,  say,  1(X)  discrete  subintervals  of 
equal  volume.  Then  n(D)  is  calc^ated  for  each  subintcrval.  and  Eq.  (9) 
is  evaluated  numerically.  The  C  matrix  generated  here  in  this  man¬ 
ner  agrees  with  that  used  in  the  Malvern  2200  instruments  to  better 
than  It/o.  Definition  of  C  on  a  volume  basis  is  not  optimal,  but  is 
convenient  in  this  case  because  the  Rosin-Rammler  distribution  in 
Eq.  (6)  is  on  a  volume  basis.  The  predicted  scattering  signature  then 
becomes  a  matrix  equation; 


S  =  C  V  , 


(10) 


where  V|^,  the  k'l"  element  of  V,  is  the  volume  fraction  of  particles 
with  diameters  between  D,  ^  and  D,  One  problem  with  Rosin- 


where  is  the  measured  scattering  signature.  The  best-fit  (in  the 
least  squares  sense)  Rosin-Rammler  parameters  were  found  using  a 
modified  Newton-Raphson  scheme.  The  algorithm  developed  here 
gives  results  that  arc  virtual.;  identical  to  that  of  the  Malvern  in¬ 
struments.  In  the  simulations  that  follow  we  used  our  inversion 
algorithm,  but  the  results  are  indicative  of  Malvern  instrument  per¬ 
formance. 

2.3.  Optical  sample  volume;  influence  of  particle  position 

It  is  often  pointed  out  that  ideally  the  response  of  laser  diffraction 
systems  is  not  dependent  on  particle  position  rclalixe  to  the  receis- 
ing  lens.  This  claim  is  true  only  when  vignetting  is  not  a  factor,  that 
is.  when  all  scattering  energy  leaving  the  particle  strikes  within  the 
clear  aperture  of  the  receiving  lens.  1  ascr  diffraction  instrument 
response  does,  therefore,  depend  on  particle  position,  lens  aper¬ 
ture,  and  particle  size  as  it  dictates  the  angular  distribution  of  scat¬ 
tered  energy.  C  onsider  Fig.  2  showing  the  important  parameters  of 
the  problem,  which  include  the  receiving  lens  diameter  d,  and  focal 
length  f;  the  receiving  lens  F#  =  •  Ji:  't'c  inner  and  outer  radii  of 
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Fig.  2.  Geometry  of  laser  diffraction  optical  system  and  parameters  of  impor¬ 
tance  in  characterizing  vignetting  and  the  optical  sample  volume,  (a)  side 
view,  and  (b)  end  view  at  principal  plane  ol  lens. 


the  j'*’  annular  ring  detector,  r|.  and  rg.,  respectively:  and  the  parti¬ 
cle  position  represented  as  a  distance  Ip  from  the  optical  axis  and 
distance  Zp  from  the  lens.  Ideally,  the  receiving  lens  converts 
angular  scattering  information  to  spatial  information,  as  given  by 
Eq.  (3).  Recall  that  each  detector  ring  collects  scattered  energy  over 
a  finite  conical  shell  limited  by  di-  and  !)„■,  which  are  related  to 
rj  and  fg  through  Eq.  (3).  We  define  first  the  angular  collection  ef- 
fic'iency  4;(rp,  Zp)  as  the  fraction  of  energy  that  is  scattered  by  a 
particle  at  (r^,  Zp)  between  scattering  angles  f)  and  <1  -i-  dS  and  that 
passes  through  the  lens'  clear  aperture  and  reaches  the  detection 
plane.  We  neglect  lens  aberrations  and  azimuthal  variations  in  the 
scattering  for  the  purposes  of  this  analysis.  Under  those  assump¬ 
tions  for  any  tl  is  just  the  length  of  the  arc  that  falls  inside  the 
receiving  lens  aperture  divided  by  the  circumference  of  the  circle  ol 
radius  Zpfi  in  Eig.  2(b),  where  tan«  =  II  is  assumed.  The  collection 
efficiency  j/|  for  the  j'*'  annular  detector  element  is  obtained  by  in¬ 
tegrating  over  the  limiting  scattering  angles  for  that  ring: 

I  rill  H(l)dll 


wndii 


where  both  rjj  and  (/,y  are  functions  of  Tp  and  Zp.  Thus,  to  determine 
7):  for  any  detector  requires  integration  of  the  scattering  intensity 
l(li)  over  (I,  which  in  turn  requires  knowledge  of  the  size  distribution 
for  use  in  [fq.  (2).  Since  the  size  distribution  is  generally  not  known 
a  prion,  it  is  of  interest  to  obtain  approximate  results  for  E-q.  (12) 
that  are  of  general  applicability. 


Zp  =  too  mm 


DETECTOR  NUMBER 


Fig.  3.  Collection  elliciency  ^  averaged  over  radial  positions  in  an  8  mm  cir¬ 
cle  for  the  indicated  positions  Zp.  Predictions  assume  I  =  100  mm  and  a 
Gaussian  beam  with  1le^  radius  of  4.5  mm. 


Two  approaches  can  be  used.  First  can  be  assumed  constant, 
assigned  a  representative  value,  and  taken  out  of  the  integral  in  Eq. 
(12).  This  approach  introduces  significant  errors  for  detector 
elements  where  0]  falls  completely  within  the  lens  aperture  and  dg. 
is  truncated.  A  second  approach  is  to  assume  that  l(fl)  is  nearly  con¬ 
stant  over  the  0  range  of  each  detector  element  (i.e.,  thin  ting  detec¬ 
tors)  and  take  it  out  of  the  integral  in  Eq.  (12).  We  have  chosen  the 
latter  approach  and  found  that  for  typical  stze  distributions  found 
in  sprays  the  errors  are  rather  small,  on  the  order  of  a  few  percent. 
For  that  assumption  we  obtain 


''j 


I 


("n 


'V 


>/«  dll , 


(13) 


where  the  dependence  on  Tp  and  z.p  is  again  implied  but  not 
specified. 

To  model  the  response  of  a  laser  diffraction  instrument  to  par¬ 
ticles  distributed  over  a  plane  normal  to  the  optical  axis  at  Zp,  the 
collection  efficiency  i|,(rp.  Zp)  must  be  integrated  over  all  tp  as 
weighted  by  the  local  incident  laser  intensity  .  We  denote  the  collec¬ 
tion  efficiency  averaged  over  a  plane  in  this  manner  as  >t|(Zp).  For 
the  calibration  studies  he'  ■  particles  on  the  calibration  reticle  were 
randomly  distributed  in  an  8  mm  diameter  circle,  atid  the  laser 
beam  is  assumed  to  have  a  Ciaussian  intensity  profile  with  4.5  mm 
radius  at  the  1  c-  intensity  points.  The  resul  are  insensitive  to 
minor  deviations  from  the  assumed  Ciaussian  profile.  Figure  3  is  a 
plot  of  plane -averaged  'i|(Zp)  for  a  1(X)  mm  lens  for  several  values  of 
Zp.  Note  the  expected  rlependetiec  of  collection  effieienev.  which  is 
constant  at  1.(1  until  the  onset  of  the  vignetting. 

An  indicator  for  the  onset  of  vignetting  at  the  j'*'  detector  ol  a 
laser  diffraction  system  Is  obtained  from  geometrical  relatiotis  m 
Fig.  2,  assumine  small  id': 


I 


( 14) 
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For  example,  take  ip  =  4.5  mm,  which  is  the  nominal  1/e-  radius 
of  the  .Malvern  2200  beam.  For  the  f  =  100  mm,  d,  =  45  mm  lens 
used  in  Fig.  3  and  the  outermost  ring  detector  in  Table  II,  we  obtain 
Zp  =  125.9  mm.  When  there  is  not  significant  scattered  energy  on 
the  detector  element  of  interest  (e.g.,  due  to  the  presence  of  only 
large  particles),  then  the  effect  of  vignetting  would  be  negligible 
and  Eq.  (14)  is  a  conservative  indicator.  Another  criterion  that  in¬ 
cludes  this  effect  has  also  been  derived 


2Zp  ttD 

which  assumes  that  energy  scattered  by  a  particle  D  outside  the  first 
minimum  in  the  diffraction  pattern  is  not  significant.  For  the 
previous  example,  the  particle  diameters  of  interest  would  have  to 
be  5.4  ^m  or  smaller  to  predict  significant  vignetting  at  Zp  =  125.9 
mm  by  the  criterion  of  Eq.  (15). 

To  predict  the  response  of  a  laser  diffraction  instrument  to  a  par¬ 
ticle  size  distribution,  the  scattering  contribution  from  each  particle 
size  on  each  ring  must  be  adjusted  by  the  collection  efficiency.  The 
scattered  energy  collected  on  the  j'^  detector  would  then  be 

k 

^  +  Jfij  ■  '  J]oj  j  ,  (16) 

where  M  is  the  effective  number  of  particles  of  size  class  k  on  the 
calibration  reticle  (“effective”  here  means  that  each  particle  is 
weighted  by  the  local  incident  intensity), 

3.  EXPERIMENTAL 

In  order  to  investigate  the  theoretical  models  presented  above,  a 
series  of  calibration  experiments  was  performed  on  the  Malvern 
22(X)  particle  size  analyzer  in  the  Mechanical  Engineering  Depart¬ 
ment  at  Carnegie-.Mellon  University.  Since  it  is  effectively  impossi¬ 
ble  to  design  an  actual  spray  with  the  definition,  stability,  and 
repeatability  required  for  detailed  calibration  studies,  aitother 
method  was  necessary.  For  this  purpose  we  utilized  an  artificial 
"aerosol''  composed  of  an  array  of  chrome  thin-film  circles  on  a 
transparent  glass  substrate.  The  calibration  reticle*  used  10,491  of 
these  particles  randomly  positioned  in  an  8  mm  circle  to  simulate  a 
Rosin-Rammler  distribution  of  spherical  particles,  following  Eq. 
(6).  Specifically,  we  used  reticle  model  RR-50-3. 0-0. 08-102 -CF 
Serial  No.  Ill  with  nominal  parameters'?  =  50 gm,  N  =  3.0,  and 
0.08  as  the  area  fraction  obscured  by  the  chrome  particles.  The  con¬ 
tinuous  Rosin-Rammler  size  distribution  is  approximated  on  the 
reticle  using  23  discrete  particle  sizes  ranging  from  5.2  pm  to  92.7 
pm.  Data  points  for  the  cumulative  and  differential  ''volume"  dis- 
tribution>  for  the  reticle  are  shown  in  Figs.  4  and  5,  Also  plotted  in 
Figs.  4  and  5  are  the  Rosin-Rammler  curves  that  describe  the  best- 
fit  parameters  x  and  N  (in  the  least  squares  sense)  to  the  actual  reti¬ 
cle  size  distribution.  The  inherent  assumption  that  the  two- 
dimensional  circles  on  the  reticle  simulate  the  forward-scattering 
characteristics  of  spherical  particles  of  the  same  diameter  is  well- 
justified  for  the  size  range  of  interest  here.  1  he  differences  between 
best-fit  and  nominal  Rosin-Rammler  parameters  are  the  result  of 
nonidcal  effects  in  the  reticle  fabrication  process  coupled  with  the 
discrete  nature  of  the  size  distribution. 

Another  estimate  of  the  most  reprcsetitative  parameters  for  the 
size  distribution  on  the  reticles  was  obtained  by  calculating  a 
predicted  scattering  signaltire  on  the  Malvern  22(X)  detectors  using 

•|  ;is,r  I  kc'rn  optk  -  1  tj  .  I  uiipc,  Vii/t'n.l 


Fig.  4.  Cumulative  volume  traction  R  vs  diameter  D  tor  calibration  reticle 
RR'50'3.0-0.08'102  CF'#111.  The  22  data  points  are  plotted  at  the  volume 
mean  diameters  corresponding  to  the  intervals  between  the  23  particle  sizes 
on  the  reticle.  The  solid  curve  is  lor  the  least  squares  lit  Rosin-Rammler 
distribution  with  X  =  53.20  and  N  =  3.18. 


TABLE  III.  Representative  Rosin-Rammler  Parameter  Values  for 
Calibration  Reticle  RR-50-3.0-0.08-102  CF  II111 

Least  squares 


fit  criterion 

X 

N 

D32 

Cumulative  volume 
fraction  R 

53.20 

3,18 

40,27 

dV/dD 

52.81 

3,18 

39  98 

Inversion  of  predicted 
diffraction  signature,  f  =  300  mm 

52.73 

3  30 

40,47 

Actual  D32  based 

on  number  distribution 

— 

— 

40,31 

Average  of  above 

52.91 

3,22 

40  26 

Eq.  (3)  and  the  known  number  distribution  on  the  reticle  account¬ 
ing  for  the  intensity  distribution  and  particle  overlap.  Fhese 
predicted  signal  levels  were  then  input  lo  the  inversion  software  as 
synthetic  data,  and  the  best-fit  Rosin-Rammler  parameters  were 
calculated.  The  results  are  summarized  in  Table  111. 

.Ml  experimenis  reported  here  were  performed  by  firsi  taking  a 
background  signal  through  a  clear  region  >4  the  reticle  subsiiate 
and  then  moving  the  reticle  lo  roughly  cenler  (  .+  0.5  mm)  ihe  sam¬ 
ple  area  in  Ihe  laser  beam.  The  scattering  data  used  by  the  instru¬ 
ment  inversion  software  are  ihe  differences  of  these  two 
meas'  ements  at  each  detector;  therefore,  lo  first  order,  the  scat¬ 
tering  contribution  from  random  imperfections  and  impurities  in 
Ihe  glass  substrate  are  subtracted  out.  \  new  background  signature 
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RR-50-3.0-0.08-102-CF-#1 1 1 


PARTICLE  DIAMETER  D  (/xm) 


Fig.  5.  Oilferentlal  volume  distribution  dV/dD  vs  particle  diameter  D  for 
calibration  reticle  RR'50-3.0  0.08'102  CF  #t11.  The  data  points  correspond  to 
the  23  discrete  particle  sizes  on  the  reticle  and  the  solid  curve  is  for  the  least 
squares  lit  Rosin-Rammler  distribution  with  x  =  52.81  and  N  =  3.18. 
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Fig.  6.  Normalized  scattered  energy  S  vs  detector  number  predicted  for 
calibration  reticle  RR.50'3.0.0.08  102  CF  *111  on  Malvern  2200  instrument 
with  I  =  63  mm  and  z  =  50  mm.  The  solid  line  is  a  spline  fit  through  the  cal¬ 
culated  values  (neglecting  lens  aberrations),  and  the  experimental  data 
points  are  averages  for  each  detector  over  10  Independent  runs.  Both 
signatures  were  normalized  to  1.0,  and  the  standard  deviations  were  less  than 
the  symbol  dimensions. 


was  taken  before  each  run,  thereby  making  all  experiments  in¬ 
dependent. 

3.1.  Calibration  studies 

We  performed  a  series  of  experiments  using  three  standard  Malvern 
lenses  of  6.1  mm.  100  mm.  and  .100  mm  focal  length.  For  each  lens 
at  least  14  independent  runs  were  made  with  the  reticle  in  a  position 
/p  where  vignetting  effects  are  not  present.  The  results  of  the  ex¬ 
periments  are  summarized  in  Table  IV,  where  \  and  N  are  the  best- 
fit  parameters  determined  by  the  Malvern  instrument  and  D,,  is 
calculated  from  those.  The  predicted  values  were  determined  by 
calculating  a  scattering  signature  using  Eitj.  (4)  for  the  known  si/e 
distribution  on  the  reticle  and  then  simulating  the  Malvern  inver¬ 
sion  process  of  l:q.  (II).  The  (iatissian  laser  beam  intensity 
distribution  was  considered,  and  lens  aberrations  were  neglected. 

We  wish  to  focus  on  two  different  discrepancies  elucidated  by 
Table  IV,  First,  the  Malvern  response  to  the  same  reticle  varies, 
depending  on  the  lens.  This  iliscrepancv  is  due  in  part  to  the 
discrete  nature  of  the  Malvern  si/e  classes  and  the  reticle  si/e 


distribution,  but  detector  calibration  errors  and  nonideal  lens  ef¬ 
fects  are  present  as  well.  The  predicted  values  in  Table  IV  indicate 
much  smaller  changes.  The  second  major  discrepancy  in  Table  1\'  is 
between  the  absolute  values  of  the  data  and  predictions.  This  dif¬ 
ference  is  attributable  to  absolute  calibration  or  sizing  errors  — 
either  in  the  instrument  or  the  reticle.  \k'e  suspect  the  instrument 
because  the  reticle  is  extremely  well  defined  and  because  of  other 
reasons  discussed  below. 

.A  belter  indication  of  the  scattering  physics  is  obtained  from 
Figs.  6  to  8,  vvherc  the  predicted  and  measured  scattering  signatures 
are  shown,  i  he  measured  data  are  averaged  separately  for  each 
detector  after  the  integrated  signal  over  all  II)  detectors  is  normal¬ 
ized  to  1.0.  Discrepancies  between  experiment  and  predictions  in 
Figs.  6  to  8  are  statistically  significant.  The  dilferences  are  also 
plotted  as  calibration  factors  in  Figs.  9  to  II.  Raw  scattering  data 
from  the  10  Malvern  detectors  must  be  multiplied  bv  the  ap¬ 
propriate  calibration  factor  to  bring  the  instrument  into  agreement 
with  the  calculated  scattering  sigtttiittre  fi'r  the  reticle. 

.An  independent  calibration  of  the  detectors  was  obiaitted  bv  il- 
httniitating  the  entire  array  (with  no  receiv  ing  lens  tnsittlled)  with  ,in 
incoherent  light  beam  of  unifomt  iniciisiiv  profile.'’  The  unitonii 


» 


I 


» 


» 


TABLE  IV.  Predicted  and  Measured  Response  of  Malvern  2200  to  Calibration  Reticle  RR-50-3.0-0.08-102-CF-#1 1 1  at  Positions  Where 
Vignetting  is  Negligible  (standard  deviations  of  measuremenfs  also  tabulated) 


Focai 

length 

No 

of 

Measured 

Predicted 

Adjusted  ineasufei.t 

(mmi 

runs 

X 

N 

^32 

X 

N 

D.tz 

7  N  n 

63 

14 

47  30  -s 

1.57 

3  25  V  0  16 

36  06  t  0  53 

51  54 

3  "^4 

40.54 

5  1  54  (14 

100 

18 

47  91  rt 

1  04 

3  63  /  0  15 

37  97  -*  0  35 

52  03 

3  46 

40  62 

53  15  3  3?  .^9  GO 

300 

28 

55  19  - 

0  39 

3  00  e  0  06 

40  76  •  0  32 

52  73 

3  30 

40  4  7 

53  9?  0?  .s9  94 
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Fig.  7.  Normalized  scattered  energy  S  vs  detector  number  predicted  for 
calibration  reticle  RR-50-3.0-0.08-102  CF-»1 1 1  on  Malvern  2200  instrument 
with  f  =  100  mm  and  Zp  =  100  mm.  The  solid  line  is  a  spline  fit  through  the 
calculated  values  (neglecting  tens  aberrations),  and  the  experimental  data 
points  are  averages  for  each  detector  over  10  independent  runs.  Both 
signatures  were  normalized  to  1.0.  and  the  standard  deviations  were  less  than 
the  symbol  dimensions. 
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F»g.  9.  Calibration  factor  vs  detector  number  for  the  Malvern  2200  instrument 
at  Carnegie-Melton  University  for  the  f  =  63  mm  lens.  The  calibration  factors 
bring  the  mean  values  of  the  scattering  data  of  Fig.  6  into  agreement  with 
predictions  for  reticle  RR-50  3.0'0.08  102  CF-#111.  The  uncertainty  bars  are 
determined  from  the  relative  standard  deviations  for  the  data  in  Fig.  6. 
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Fig  8.  Normalized  scattered  energy  S  vs  detector  number  predicted  tor 
calibration  reticle  RR  50  3  0  O.O0-1O2  CF  #1 1 1  and  »115  on  Malvern  2200  in¬ 
strument  with  f  =  300  mm  and  Zp  -  300  mm  The  solid  line  is  a  spline  fit 
through  the  calculated  values  (neglecting  lens  aberrations),  and  the  ex 
perimental  data  points  are  averages  for  each  detector  over  38  independent 
runs.  Both  signatures  were  normalized  to  1.0.  and  the  standard  deviations 
were  less  than  the  symbol  dimensions. 
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Fig  10  Calibrat'on  (actor  vs  detector  number  tor  ttie  Malvern  2200  mstru 
ment  at  Carnegie  Mellon  Ufove^^.^v  for  the  I  100  mm  lens  The  calibration 
factors  bring  the  mean  values  nl  Oie  scattering  data  (>t  Fig  7  into  agreement 
wdh  predictions  tor  reticle  HR  ‘>0  3  0  0  OB  10?  CF  1 1  1  he  uncertainty  bars 
are  determined  from  ttte  relative  standard  deviations  lor  the  data  m  Fig  7 


616  OPTICAL  ENGINEERING  September  October  1984  Vol  23  No  b 


...  M5t  35S  SIZE  AND  VELOCITV  DISTRIBUTIONS  OF  PARTICLES  AND 

DROPLETS  IN  SPRAV  CONBUS.  .  (U>  ARIZONA  STATE  UNIV  TENPE 
DEPT  OF  NECHANICAL  AND  AEROSPACE  ENG.  .  E  D  HIRLEHAN 
UNCLASSIFIED  B1  NOV  84  N8eei4-79-C-8363  F/0  21/2  NL 


RESPONSE  CHARACTERISTICS  OF  LASER  DIFFRACTION  PARTICLE  SIZE 


Fig.  11.  Calibration  factor  vs  detactor  numbar  lor  the  Malvern  2200  Instru¬ 
ment  at  Camegie-Mellon  University  for  the  f  =  300  mm  Ians.  The  calibration 
factors  bring  the  mean  values  of  the  scattering  data  of  Fig.  8  Into  agreement 
with  predictions  for  reticle  RR-50-3.0-0.08-102-CF.|f111  and  #115.  The  uncer¬ 
tainty  bars  are  determined  from  the  relative  standard  deviations  lor  the  data 
In  Fig.  8. 


illumination  calibration  data  plotted  in  Fig.  1 1  were  obtained  using 
solar  illumination.  Runs  at  eight  different  incident  intensity  levels 
were  combined  using  least  squares  fitting  to  obtain  adequate  signai- 
to-noise  ratio  over  the  large  dynamic  range  of  detector  areas.  We 
and  others'^  have  also  used  light  sources  such  as  dc  lamps  to  obtain 
a  similar  calibration.  Though  this  uniform  intensity  calibration  did 
not  simulate  either  the  monochromatic  properties  of  the  laser,  the 
variations  in  angle  of  incidence  of  light  on  the  detector  surface,  or 
the  lens  aberrations  that  will  be  present  in  actual  experiments,  it 
does  provide  some  useful  data. 

Deviation  of  the  uniform  illumination  calibration  factors  in  Fig.  1 1 
from  1 .0  is  due  to  nonuniform  responsivity  of  the  detectors  or  errors 
in  the  geometrical  parameters  in  Table  II.  Differences  between  the 
uniform  illumination  calibration  factors  in  Fig.  11  and  the  reticle- 
derived  factors  in  Figs.  9  to  1 1  should  then  be  due  to  lens  aberrations 
and/or  variations  in  detector  efficiency  with  angle  of  incidence.  Note 
that  the  reticle  calibrations  were  performed  at  only  one  laser  power 
so  that  the  signal-to-noise  ratio  varied  across  the  detector  as  reflected 
by  the  larger  uncertainties  in  the  calibration  factors  for  detector 
elements  that  had  low  signal  levels  in  Figs.  6  to  8. 

To  further  clarify  the  sources  of  error,  a  column  for  adjusted 
(using  the  calibration  factors  measured  here)  measured  data  is 
shown  in  Table  IV.  There  the  mean  measured  diffraction  signatures 
were  corrected  using  the  uniform  illumination  calibration  factors  of 
Fig.  1 1,  and  the  scattering  inversion  was  performed  on  this  adjusted 
data.  The  improvement  in  the  adjusted  measured  values  for  the 
shorter  focal  length  lenses  is  due  to  the  large  calibration  factors  for 
the  inner  detectors,  where  most  of  the  diffraction  information  in 
Figs.  6  and  7  is  concentrated.  Conversely,  most  of  the  diffracted 
energy  for  the  300  mm  lens  is  in  the  middle  detector  elements  where 
the  calibration  factors  in  Fig.  1 1  are  near  unity.  Though  a  substan¬ 
tial  fraction  of  the  calibration  errors  is  due  to  detector 
nonidealities,  it  appears  that  the  differences  between  the  reticle- 
derived  factors  in  Figs.  9  to  1 1  are  significant.  Our  calculations  sug¬ 
gest  that  lens  aberrations  rather  than  angle-of-incidence  effects  are 
probably  responsible. 
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Fig.  12.  Mean  diameters  x  end  D32  vs  reticle  tilt  angle  a  (measured  Irom  nor¬ 
mal  Incidence).  The  data  were  obtained  on  a  Malvern  2200  Instrument  with 
calibration  reticle  RR-SO-3.0-0.08-102-CF-*111.  Four  runs  were  made  at  each 
angle;  the  solid  curve  is  a  prediction  from  Eq.  (19). 


3.2.  Effect  of  reticle  rotation 

One  practical  problem  with  glass  calibration  slides  in  laser  diffrac¬ 
tion  instruments  is  that  of  reflections.  It  is  helpful  to  tilt  the  slides  a 
few  degrees  from  perpendicular  to  the  laser  beam  to  direct  multiple 
reflections  away  from  the  detector  elements.  To  ensure  that  this  ap¬ 
proach  does  not  significantly  alter  the  scattering  signature  we  made 
a  theoretical  analysis  and  performed  a  series  of  verification  ex¬ 
periments. 

Consider  first  that  a  circle  tilted  an  angle  <t>  projects  an  ellipse 
when  viewed  from  the  original  perpendicular  direction.  The  area 
Aj  of  the  projected  ellipse  is  related  to  the  lengths  of  the  major  and 
minor  axes,  which  are  D  and  Dcosd),  respectively: 


A^=^Dcosc.  (17) 

^  4 

Now  optical  techniques  based  on  forward  scatter  are  to  first  order 
independent  of  particle  composition  and  surface  characteristics''-''’ 
and  are  responsive  to  projected  area-equivalent  size  parameters. 
For  that  reason  we  calculate  the  area-equivalent  diameter  D,.  for 
the  projected  ellipse  such  that  the  area  of  a  circle  of  diameter  D^  is 
equal  to  that  of  the  ellipse: 

=  DcosC)  ,  (18) 

4  ^  4 

Dj  =  D(cosO)'^  (19) 

.As  a  first-order  prediction  we  then  postulate  that  characteristic 
sizes  measured  by  la.ser  diffraction  particle  sizing  instruments 
should  vary  as  the  square  root  of  the  cosine  of  the  tilt  angle.  In  Fig. 
12  we  have  plotted  experimental  data  for  calibration  runs  with  tilt 
angles  up  to  45°.  The  experimental  data  are  the  best-fit  Rosin- 
Rammler  size  parameter  x  and  the  volume-to-surface-area  mean 
diameter  D,,: 
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Fig.  13.  Nonnallzad  scattered  energy  S  vs  detector  number  predicted  lor 
caiibration  reticle  RR-S0-3.0-0.08-102-CF-«111  on  Malvern  2200  Instrument 
with  I  =  63  mm  and  Zp  =  254  mm.  The  solid  line  Is  a  spline  lit  through  the 
calculated  values  alter  correction  by  the  calibration  lactor,  and  the  ex- 
perlmantal  data  points  are  averages  lor  each  detector  over  10  Independent 
runs.  Both  signatures  were  normalized  to  1.0,  and  the  standard  deviations 
were  less  than  the  symbol  dimensions. 


00 

j  D’  n(D)dD 
0 

D,,  ^ -  •  (20) 

OO 

j  D"  n(D)dD 
0 

The  experimental  values  of  Dj,  were  calculated  by  numerically  in¬ 
tegrating  Eq.  (20)  using  the  number  distribution  version  of  Eq.  (6) 
with  the  best-fit  values  of  x  and  N.  The  prediction  is  Eq.  (19) 
matched  at  <&  =  0.  It  is  clear  that  the  predictions  and  experiments 
agree  very  well.  Figure  12  demonstrates  that  tilting  the  calibration 
reticles  a  few  degrees  to  minimize  reflections  has  no  appreciable  ef¬ 
fect  on  the  results. 

3.3.  Effect  of  reticle  position 

The  analytical  model  derived  in  the  section  above  was  utilized  to 
predict  the  response  of  the  Malvern  instrument  as  a  function  of 
reticle  distance  from  the  receiving  lens.  The  results  presented  in 
Figs.  13  and  14  are  for  positions  Zp  far  enough  from  the  lens  that 
vignetting  is  clearly  present.  The  predicted  curves  in  Figs.  13  and  14 
were  obtained  by  correcting  the  Sj  predicted  from  Eq.  (16)  using 
the  measured  calibration  factors  in  Figs.  9  to  11.  Theory  and  ex¬ 
periment  are  in  very  good  agreement. 

Another  indication  of  the  effects  of  vignetting  arc  shown  in  Fig. 
15  and  16.  The  theoretical  curves  here  were  obtained  by  performing 
the  best-fit  Rosin-Rammler  inversion  on  predicted  scattering 
signatures  such  as  those  shown  in  Figs.  13  and  14.  As  the  reticle  is 


Fig.  14.  Normalized  scaltarsd  energy  S  vs  detector  number  predicted  lor 
calibration  reticle  RR-50-3.0-0.08-102-CF-II111  on  Malvern  2200  Instrument 
with  I  =  100  mm  and  Zp  =  254  mm.  Tha  solid  line  Is  a  spline  lit  through  the 
calculated  values  alter  correction  by  the  calibration  lactor,  and  tha  ex¬ 
perimental  data  points  are  averages  lor  each  detector  over  28  Independent 
runs.  Both  signatures  were  normalized  to  1.0,  and  the  standard  deviations 
wars  less  than  the  symbol  dimensions. 


Fig.  15.  Mean  diameters  x  and  O32  vs  Zp  lor  the  Malvern  2200  Instrument  with 
I  =  63  mm.  The  solid  lines  are  predictions  siter  accounting  lor  the  calibration 
Isctors,  and  each  data  point  Is  an  Independent  run. 


moved  away  from  the  lens  (increasing  Zp),  light  scattered  at  large 
angles  is  truncated  by  the  lens  aperture  and  does  not  reach  the 
detector.  Since  small  panicles  preferentially  diffract  light  onto 
these  outer  detectors,  a  bias  toward  large  particles  is  predicted.  The 
experiments  confirm  this,  although  the  major  effect  on  the  Rosin- 
Rammler  parameters  is  to  decrease  N  rather  than  increased.  An  in¬ 
crease  in  N  narrows  the  distribution  by  cutting  off  volume  at  both 
large  and  small  particle  sizes.  Flowever,  the  small  sizes  lose  more 
projected  area  that  dominates  the  diffraction  process;  therefore  in¬ 
creasing  N  at  constant  7  increases  the  mean  diameter,  as 
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Fig.  16.  RosIn-Rammler  exponant  N  vs  Zp  lor  tho  Malvom  2200  Insirumant 
with  f  s  63  mm.  Tha  solid  lino  la  tha  pradictlon  altar  accounting  lor  tha 
calibration  lactors,  and  aach  data  point  is  an  Indapondant  run. 


demonstrated  by  the  0,2  data  in  Figs.  15  and  16.  The  agreement 
between  theory  and  experiment  is  good,  considering  that  the 
predictions  do  not  account  for  nonideal  lens  effects. 

4.  CONCLUSIONS 

Laser  diffraction  techniques  are  widely  used  for  particle  sire 
distribution  measurements.  Under  certain  very  ideal  conditions  the 
response  of  these  instruments  does  not  depend  on  the  particle  posi¬ 
tions  in  the  incident  beam,  and  some  instrument  configurations  do 
not,  in  theory,  require  calibration.  Unfortunately  the  practical 
realities  of  finite  aperture  lenses,  responsivity  variations  between 
elements  in  monolithic  photodiode  array  -,  and  lens  aberrations 
need  to  be  accounted  for. 

In  this  paper  we  report  a  detailed  study  of  these  nonideal  effects 
using  a  commercial  Malvern  2200  laser  diffraction  particle  sizing  in¬ 
strument  and  a  calibration  reticle.  We  observed  variations  of  about 
15*^0  in  the  instrument  response  with  three  standard  receiving  lenses 


(f  =  63  mm,  100  mm,  and  300  mm).  These  variations  were  due  to  a 
combination  of  detector  calibration  errors  and  nonideal  lens  ef¬ 
fects.  A  set  of  calibration  factors  for  each  of  the  30  detectors  and 
three  lenses  was  developed. 

A  theoretical  model  predicting  the  dependence  of  instrument 
response  on  particle  position  was  developed  and  verified  ex¬ 
perimentally.  The  model  can  be  used  to  characterize  the  optical 
sample  volume  and  the  biasing  involved  when  aerosols  of  large 
dimensions  are  analyzed.  Finally,  the  practice  of  rotating  calibra¬ 
tion  slides  a  few  degrees  from  normal  incidence  to  minimize  reflec¬ 
tion  effects  was  shown  theoretically  and  experimentally  to  have 
negligible  effect  on  calibration  measurements. 
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ABSTBACr 

It  is  poatibla  to  dataralaa  aaloeity  laforaatioa  oa 
iadiaidoal  particlaa  la  a  floa  by  aaaaariag  tba  tiaa  for 
aacb  partlela  to  travaraa  throagb  a  siagla  latar 
baaa.  Tlta  advaatagaa  aaaoeiatad  vitb  tiia  ralatlTaly 
siapia  optical  ayataa  of  thia  aiagla  baaa  aalociaatar 
(LIV)  ara  aaffieiaat  to  varraat  fartbar  atody  of  tta 
potaatial  parformaaea  ia  torbalaat  float.  Tha  LIV 
traaait'‘tlaa  aaaioraaaat  aaat  aacaaaarily  ba  aada  at  a 
eoaataat  fractioa  of  tba  peak  acattarlag  aigaat 
aaplitada  to  obtaia  aa  onaabigaoaa  aataara  of  tba 
partlela  apaad  ia  tha  plaoa  aoraal  to  tha  laaar  baaa, 
Gafortona taly  tba  praeialoa  of  iadiaidaal  LlV  aalocity 
aoatoraaaata  batad  oa  tba  polta  vidtb  or  taaaait-tiaa 
dataraiaatloa  is  aigaif  ieaatly  lots  tbaa  gaaaralty 
obtalaad  for  iadividaal  Oopplat  barstt  with  eooatar-typa 
laaar  Oopplac  valoctaacart.  Ia  tbit  paper  aa  eootidar 
aaasoxaaaat  of  tarbolaace  iataatity  with  LIV  aaiag 
particle  arriaal  ttaeittict.  Ia  partieoltr  aa  dariaa 
•sprettioat  for  tba  probability  daatity  ditcribatioa  of 
oaitiag'^tlaat  bataaaa  particle  aaaatt  ia  itotropic 
Corbaleat  flov.  Tba  featibility  of  obtatoiog  tarbaleaca 
iaforsation  froa  aaitiaf''tise  diatribatiooi  ia 
di teat  ted. 

INTKOOUCTION 

Since  itt  iaceptloo  in  tba  1960't  the  field  of 
later  veloeiaetry  (LV)  for  flov  diagaostics  hat  aatsred 
ia  a  rather  CradiCioaal  aey.  Bach  of  tha  eapheiit  today 
eoacerat  the  applicacioa  of  LV  at  aa  experioeatil  tool 
la  the  stndy  of  eonplea  flaid  aechaaics  rather  thaa 
farther  devalopeieat.  tadeed  the  later  Doppler 
▼elocieeter  (IDV)  ia  becoaiag  a  cosaoa  bat  ralatively 
sophisticated  transdacer  ia  flaids  eagiaeeriag  practice. 
There  are,  hovever.  several  facets  of  the  bettc  science 
ot  later  velociaatry  «hich  are  still  active  areas  of 
tciaatific  iaqairy  and  research.  For  esaaple  the 
problem  of  velocity  bias  bat  been  ditcatsed  for  aany 
years  bat  is  still  the  focas  of  recent  coaertbattoot  to 
the  literatare  by  Flach  (1982),  Steventoa  et  il  (1982), 
aad  Edvards  and  Jensea  (1982)  aaong  others.  CoasiJer'’ 
able  retasrch  hat  also  baea  directed  la  recent  yean 
towards  Lets  cooveational  LV  ae thodo I 0| ie s  vhich  do  aot 
acilize  the  Doppler  effect.  The  later  tvo-foens 
velociaeter  (LIV)  has  baea  stadied  by  aoaeroas 
laveatigators  iacladiag  Shodl  (1978),  Riebtrds  tad  Brova 
(1984),  aad  tae  tad  Sirleaaa  (1982).  The  siagle-beea 
traasit-tlae  later  velociaeter  (LIV)  hot  beea  stndied  by 
Blrleaaa  (1981)  and  Solve  (1982).  Sirleaaa  (1978)  aad 
faa  and  Sirleaaa  (1984)  have  developed  a  particla-s iciag 
▼aloeiaatar  (L^V)  vhieh  aaaaaxea  tvo  valoc*.ty  coapoaeata 
•iiaf  tha  LIV  eoacapt  applied  to  tvo  adjaceat  betas. 

A  rather  oaiqaa  approech  iaitiatad  by  Erdmaan  aad 
Gellert  (1976)  aad  Brdaaaa  (1980)  aad  ases  the  perticle 
•  rnvel  rata  itatiaties  rather  thia  iadividael  velocity 
aaesoreaents  to  obtaia  tarbalaaet  iaforaatioa.  Otiag  a 
ralatad  taehaiqoa  Taa  aad  Baraaa  (1982)  have  aade 


tarbaleaca  aaasareaaati  froa  tba  probability^af tar- 
affect  for  tvo  separated  LDV  probe  roltaaa. 

Ift  thia  paper  oa  coatidar  tha  LlV  aad  its  potaatial 
parforaaaca  ia  diagaottica  of  tarbaleat  flow.  Tha  LIV, 
which  aaaiaraa  tba  seed  partlela  ratidanca  tiaa  ia  a 
aiagla  laaar  baaa.  la  iatarastlag  bacaata  of  tba 
relative  aiapllcity  of  tba  optical  syttaa.  The  LIV,  L2V 
aad  ti)V  oparatad  ia  tba  eoavaacioaal  aiagla  particle 
eooatar  procasaor  aoda  ara  siailar  ia  tba  tease  that 
they  diacrataly  saapla  the  velocity  of  tndivldaai 
particlaa  aad  tbaa  averaga  over  aaay  particlaa  to  obtain 
velocity  diatrlbatioa  statittiea.  Oaa  diatiaetioa  ie 
the  relatively  poor  velocity  aassoraaeat  praciaioa  of 
the  trsoalt'tiaa  LlV.  For  typical  coaditioat  tba 
latrisaic  LIV  velocity  broadeniag  aighc  ba  2%  abare  that 
for  LIV  or  LOV  voald  be  rouibly  aa  order  of  aagaltada 
batter.  This  level  of  LIV  precision  geaerilly  vill 
prodnev  a  aagligiblt  error  ia  aaaa  velocity 
dataraiaatloa  for  typical  soabers  of  velocity  taaplea 
bat  coaid  have  a  vary  ti|aifictat  impact  oa  eatiaatet  of 
tarbaleaca  ioteasity  aad  higher  order  o'^aeati.  For  that 
ratsoa  it  la  iaportaat  to  cons,  let  altaraative  aethods 
to  obtaia  accarite  seasirevent s  of  tarbaleaca  iateasity 
asiag  LIV. 

Aa  diicnised  above  la  additlooal  form  of 
iaformatioa  available  from  laser  velociaeters  is  the 
ttse''history  of  perticle  arrivals  at  tha  optical  saaple 
voliaae.  Ia  thia  paper  ve  preseat  a  theoretical  aaalyits 
ot  tha  potential  for  ntiag  ve i c ing-tiae  d  i  s t r ibat ioas  ia 
eoajncctioa  eith  the  t  r  la  1 1  c  *  *.  i  v  mg  LIV. 

INDIVIDUAL  VtLOCITT  REAL  IZATIOS'3  »;TH  UV 


A  achezatic  of  a  geaeral  UV  lyatea  is  shovn  ia 
Fig.  1.  A  liaglt  laser  beaa  is  coaditioaed  aad  focased 
into  the  opCicel  aeaple  volaaa.  Light  scattered  by 
particles  patting  throngh  Che  beaa  is  collected  by  a 
pbotode te c t or  aad  the  aignalt  procettad  for  velocity 
iaformatioa.  Aiial  i  i  sc  r  ia  ina  ti  oa  of  the  probe  volae 
if  pweforred  by  tbe  detector  optics. 

The  tyaaetry  lahersnc  ia  Gaastiaa  iatensity 

profile  acroea  TEM^^  Laser  beaa^  oeraltt  a  velocity 
acatareme-.t  vith  the  QV.  Signal  procetsiag  re^^niret 
aeetnrvaeaC  of  the  traasit'tiae  of  perticlei  crossing 
Che  later  beta  as  reflected  by  the  palse  vldth  of  tiagle 
particle  scetteriag  tignals  which  are  Gaastiaa  ia  tiaa. 
Sera  tha  traaslt^tiaa  it  aaeassarily  aaasarad  at  a 
cOBStaat  fractioa  of  paisa  haight  rather  thaa  with 
raspacC  to  an  abaolate  threshold  level,  Tbe  iateasity 
profile  1  across  a  TEM^g  later  baaa  is  givea  by 
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.h,r.  V  i,  th,  b. ■■  ridL.i  .t  ch.  l/.^  isteaiity  poiati. 
Saparatiag  tha  Cartasisa  vsriibles  ea  obtaia: 
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A  particle  travaliog  across  tha  latar  baaa  parallal  to 
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tJk*  s-txls  tt  a  coaataat  y  vill  axpariaaea  a  GaettlaB 
i&eidaat  iataaaity  biatory  vith  a  coaataat  1/t^  vidth 
iadapaadaat  of  t^a  volaa  of  y.  la  that  eaaa  oaly  x  la  a 
foactioa  of  tima  aa  ilvaa  by: 

X  -  (3) 

oharo  ia  tha  yartlela  tpaad  la  tha  x-y  plaaa  and  «a 
aaacaa  x*0  at  t*0.  Sobatitotlag  Eq.  (3)  iato  Bq.  (2) 
obtaiaa: 

Kt)  -  1(0.0)  Tx2t2/,2 

Tha  firat  axpooaatial  ia  Eq.  (4)  ia  jaat  a  eoaataat  aad 
tha  LIV  icattariai  tignatDxaa  ara  Gtasaiaa  ia  tiaa. 
Thaa  ••aaoriaf  tha  ralativa  palta  vidth  or  trtcait^tiaa 
t^  bctvvaa  tha  1/a^  poiata  of  a  partlela  acattariag 
ai|aal  datarainaa  tha  ipaad  ia  a  plaaa  aoraal  to  tha 
laaar  baaa  aiia  aa  |ivaa  by: 

▼x  • 

Rodd  (1974)  cooiidercd  aa  aaalog  dif ferentiatioo 
approach  for  aaaaarini  tha  traaa i t* tina  t^«  Hirlcaaa 
(1978)  and  Solva  (1982)  hava  oaad  analog  conataot- 
fraction  diacriBiaator  aodnlta  to  aaka  tha  oacaatary 
palaa  vidth  aeaaoraaeat.  filrlesaa  (1978*  1982) 

devalopad  a  digital  aigaal  proeaaaiog  algoritha  vhich 
Improves  tha  praeiaioa  of  tha  aaaaoxacaat.  Tha  acattar— 
ing  signal  it  digitixad  and  tha  partBctera  controlling 
tha  praeialon  of  tha  palaa  vidth  estination  ara: 

(1)  tha  nosbar  of  saaplas  n  of  tha  vavafora 
betvaan  tha  1/a^  pointa. 

(2)  tha  noi se* to-ai gna 1  ratio  (N/S)  assoaing 
rssdoa  Gaussian  noiaa. 

A  plot  of  tha  ralativa  error  in  estisating  tha  l/a3 
vidth  of  a  Gacisiao  signal  ia  shovn  in  Fig.  2.  Not# 
that  vith  12  saaplai  on  a  Gaosaian  vsvefoni  tha  l/a3 
vidth  can  ba  aatinatad  vith  t  relativa  ataadacd. 
daviation  roaghly  equal  to  tha  aoiaa't<r-sigoal  ratio. 
Also  piottad  ia  Fig.  2  ara  data  for  LlV  seasarenenta  on 
droplatt  in  tha  priaary  straaoi  frcn  a  vibrating  orifico 
droplat  geaarator  af tar  Toe  at  al  (1984).  Tha  actual 
not sa^to-signal  ratio  at  tha  phot  ode  tee  tor  ontpnt  for 
the  acasoreaesta  of  Fig.  2  vaa  about  5%  and  the  stasorad 
LIV  precision  agreea  reasonably  wall  vith  prediction. 

It  is  clear  that  an  LIV  trans i  t-*  t  isa  BeasarcBenC  ia 
less  precise  than  that  possible  vith  s  single  Doppler 
burst  ftcm  an  LDV.  Vith  a  sufficient  noabar  of 
particles  tha  sean  velocity  can  ba  estinatad  vith 
adequate  certainty  using  LlV  but  astiaates  of  turbulence 
intensity  and  higher  soaeats  are  sere  diffieolt  for 
reascnabic  saaplt  sites.  The  broadesiog  represented  by 
the  ordinate  of  Fig.  2  vill  appear  aa  artificial 
turbulence  in  LIV  Bcesurcaeats.  For  this  reason  va  ere 
investigstisg  tha  use  of  particle  arrival  t:ae 
statistics  to  facilitate  LIV  Beasureecnts  cf  turbuleoca 


P.ARTICLE  ,‘RKrVAL  STATISTICS  IN  LaSEE  VELOCIKEIET 

Statistical  properties  of  particle  arrival  tiaea  in 
individual  resliration  laser  velocisctcrs  have  received 
relatively  little  attention  fiom  LV  researchers  ever  the 
yrsrs.  Id  LDV  vork  the  particle  arrival  process  has 
gcDerelly  bean  considered  e  anisance  as  the  discrete 
stzpliag  of  vel.'Citj  only  daring  the  presence  of  a 
pirticlc  is  the  scarce  of  velocity  bias.  Recently  sooe 
verkert  have  considered  the  arrival  process  on  its  own 
3>crits  vitb  the  intent  of  identifying  and  bopafolly 
eitracting  asefol  inforaatioa.  Erdseno  and  covorkers 
'  1 976 , 1 . 1 ^81 )  have  done  exleosive  vork  on  particle 
arrivals  usiag  ttstistieal  analysis  of  the  ousber  of 
particle  events  in  a  series  cf  sanpling  tisea. 

Ten  and  Feraen  ^1982)  deveieped  a  prcbebility- 
after-effect  xetbod  in  vfcich  '.he  sua-Ser  of  oirticla 
roMta  frees  :*o  dis;'aced  LDV  probe  vcJa»ea  vere 
irilyced.  "n-esa  nethocs  detereiae  t  bo ence  ir.terstty 
and  :n  the  latter  lechnj^-i*  ^c!h  Lagrar.gi'c  and  E-Irr:sn 
:  taa  scales  *ere  efBs;:red.  Tue  and  Htrlrean  I'.982) 


•tudiod  particle  avast  ratal  is  laaar-tvo'foeoa  veloci- 
Botars. 

Is  this  papsr  *•  coasidar  the  distribotlos  of 
«si  Clo|*~'tiaaa  batvaas  particle  avasts  at  a  slsgla  LV 
probs  volcaa.  Tha  theoretical  asalytia  is  directly 
applicable  to  single  baas  laser  light  acattarisg 
instmaasta  for  particle  lira  and  velocity  isatrcaasta 
socb  aa  LlV.  Bovavar  tha  davalcpaest  cas  alao  be  applied 
to  LDV  syateas  asder  aoae  cosditioss.  The  acheaatic  is 
Fig.  3  daaoDatratea  our  conceptual  aodal  vbara  as 
optical  probe  volne  vith  projected  croea^aectiosal 
ereaa  s^.  ay.  and  tj  ia  shoes.  We  asanae  that  all 
particles  vhich  pass  into  the  optical  probe  voloae  elll 
be  **aeeu**  by  the  LV  and  registered  as  single  particle 
eveota.  Thia  ateoaption  iapliea  that  particle 
coincidence  effeeta  ara  negligible  and  that  particle 
residence  tines  is  the  aesple  voluee  are  aaall  coaptred 
to  both  the  aaan  tiae  betveen  particle  arrivels  asd  to 
characteriatic  tiae  scales  of  the  floe.  Although  the 
specific  geevetry  of  the  probe  volae  and  the  orthogonal 
sensitive  areas  eill  is  gsDeral  be  coaplcx  fosetions  of 
particle  aisc  and  Is  aoae  cases  particle  trajectory 
(LDV)  ee  neglect  those  affects  for  the  prescst.  Ve 
aaaesae  that  the  LV  seed  particles  are  randovly 
distributed  in  space  and  ere  svept  throngb  a  stationary 
probe  voloae  by  the  fluid  velocity.  One  Bight  enviaioa 
a  conveyor  belt  vith  randoniy  distributed  particles 
paaaiag  throngh  the  aaaple  region  vith  a  direction  and 
speed  dictated  by  the  local.  isst aotanc one  fluid 
velocity.  The  ncaber  of  particles  n  aaapled  by  an  LV 
daring  a  reas'.reBent  tiae  t  is  a  stocbaatic  variable. 

Tha  probability  Pt(B)  of  saspling  s  particles  dcrisg  t 
ia  described  by  the  Poisaoa  distribution  (Chandrasekhar. 
1943): 

„  ,  ,  <pV>“  .-<pV> 

Pj(n)  -  - ^ -  («) 

vbere  p  is  the  particle  nusker  density.  V  is  the  volut 
of  tha  field  aaaplad  (i.a»  svept  throngh  9^,  Sy»  s^) 
dcring  tha  tiae  t»  and  brackets  <  >  indicate  the 
expected  valne  over  tiae  t.  For  a  given  fluid  velocity 
constant  over  t  tha  expected  voluna  stapled  is  equal  to 
the  prodoet  of  the  sensitive  area,  the  velocity,  and  the 
sampling  tiae  interval.  Gere  the  velocity^tiae  product 
represents  the  length  of  the  floid  filaaent  vhich  passed 
through  the  probe  voloae  betveas  tiaa  zero  aad  tiae  t. 
For  the  general  case  ve  can  vrita: 


<pV>  “  <pa’ 1 v|t>  (7) 

vbere  the  tilde  icdicates  vector  quantities,  v  is  tha 
velocity,  and  a  represents  the  orthogonal  projected 
areas  of  the  sanplt  «olu»a  defined  positive  pointing 
into  the  sasple  voloae.  The  ebsoluta  value  in  Eq.  (7) 
is  necessary  because  the  probeblity  of  ragiateriDg  e 
particle  event  does  oot  in  general  depend  on  the  sense 
of  the  velocity  cosponeots.  It  is  convenient  to  think 
of  taking  the  absolate  vilue  of  each  velocity  coepceent 
separately  in  Eq.  (7). 

Consider  starting  e  timer  at  seme  random,  arbitrary 
tiae  vhen  there  ia  not  necesaarily  a  particle  event. 
The  probability  F(T>t)  of  vaiting  longer  than  a  time  t 
for  the  next  particle  ia  jaat  the  prcbability  that  there 
vere  zero  particles  during  t: 


F‘t>t)  -  e 


PS •  I  V  1 1  > 


Sitttlarly,  the  probability  of  registering  lero  particle 
events  before  t  •  At  is  given  by: 


F (t>t  *  At )  •  e 


<1  (t  ♦  it)> 


•here  here  the  espectatien  ia  over  the  time  l  ^  At.  *'Ov 
the  prcbability  of  •  particle  event  betveen  t  and  t  ♦  At 
it  the  differenca  betveen  Eqi,  (7)  %nd  ,  Tha 
probability  density  distriboticc  F(t)  of  veiting  time  t 
for  the  next  event  is  thee  obtained  in  the  lisit: 

1  ;a  F't  .•  1.'  -  F(t  /  t  ♦  Al)  . 


Sabttltatia*  B*qt,  <8)  «ai  (9)  v«  obciio: 


vh«re  v(?»  Si*  3««a  rijl*:*-!  »i:b  ». 


P(t) 
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ar 


(<p*' lTlt>) 


-<pi* I V  i  t  > 
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PhiocMiaolaf  Eq.  (11)  eaa  b«  coaiidic-^d  Is  t^o 

parts.  Tli*  itpocaatitl  c»r«  ladic«t«s  th«  probtbilitj  of 
ao  partial**  irrlvioi  b«tY««a  0  and  t  tad  the 
difficsatlal  eoafficicat  r*pr««*aCt  th«  ^robibilltj  of  a 
pactlcl*  arrlTlnt  daring  tha  a«tt  dt.  Tba  fact  that  th* 
tvo  pcobabil Iti**  ara  aaltlpliad  r*fl«cti  tha  loplcal 
AND  aatara  of  vaitiof  •  ^  aatt  aT«ae;  i.a. 

thaca  aaat  b«  ao  particla  aTaats  batvaaa  0  aod  t  aai 
thaa  la  aaeat  ia  th*  aaxt  dt, 

Eqoatioa  (ID  ia  valid  for  datcribiag  th*  vaitia^ 
tisa  for  ooa  particla  avaat  follovia^  a  start  tia«  vhar* 
tha  arpoctatioa  eaa  ha  avalaatad.  Ia  tarbaleat  flov  tha 
axpaotatioQ  tana  will  dapaad  oa  tha  valocitp  at  tiaa 
zaro  t(0)  aad  tha  probability  ia  Eq.  (11)  vill  tharefor* 
ba  ooaditioaal  oo  vCO) •  Tha  azpactatioa  io  Eq.  (11)  it 
a  coaplax  faactioa  of  tha  valocity  dlatribatioa 
foacCioa.  corralatioa  foactioea,  aad  particla  daosity— 
valocity  cor ral a t t oaa.  fa  pravioasly  assomad  that  cha 
particla*  ara  raadonly  diatribatad  la  spaca.  i.a.  that 
there  ia  ao  corralatioa  batveaa  particle  daaaity  aad 
valocity.  Farther  va  aatosa  that  tha  laonatric 

eharactaristica  of  tha  optical  probe  volama  ara  alao 
iadapaadaat  of  velocity  (cooitaot  which  la  a  vary 

|OOd  ataoaptioa  for  liailt  baxM  laser  li|hC  scactariof 
iaatroBiaats  bat  lass  to  for  lacarf  e rcae  tr ic  (LDV) 
tyttast.  Oada r  those  ttsoaptloas  «a  write: 

<pa‘l»lt>  ■  pts<lv2lt>  ♦  pty<|vj|e>  ♦  p*j<lvjlt>  (12) 

For  Itaiatr  flow  ia  the  ♦  z  direccioa  the  vtloas  ia 
tha  erpaetaCioa  carat  tra  coatctat  tad: 

<p**|v|t>  ■  ptj^io* 

where  v^^  is  tha  aaaa  flow  valocity.  Oafiaiai  t 
particle  aveat  rsCe  ptrsaecac  X  which  for  this  special 
case  of  laaiaar  flow  wa  sabscript  : 

•  P*z’'zj 

For  taaiaar  flow  £q.  (ID  that  siaplifies  to: 


P(t)  -  Xo  »■*«'  (13) 

Sow  for  torbaleat  flow  with  the  *s*-sjtiOQ  of  coattiic  p 
aad  s  tha  rssalt  is  aot  so  sispl*  a*  ve  sast  decerslne 
the  eipectacion*  ia  Eq.  (12).  for  isotropic  torbuleoce 
we  caa  esprss*  the  espeotacioa  of  the  v«iocit7  at  aay 
Ciae  t  coaditioaal  oa  the  velocity  ^(0): 

.t 

<Tt\v(0)>  ■  Vjjt  +  (^(0)  *  J  ®(t)dt  (US) 

o^ 


where  2  is  the  velocity  aat ocor r e 1 t t i on  fiactioa.  v^  i* 
tha  aestt  velocity  vector,  aad  the  bactstsih  chancter  \ 
it  ated  to  ieaote  a  coaditioaal  probability.  The 
coastraial*  oa  Che  aorrelatloa  fonctioa  laclcit  2—1  as 
t'—O  aad  2  —  9  a*  t— *.  Ajtia  the  aasolite  vali*» 
reqaired  ia  Eq.  (12)  eooplicate  the  ase  of  Eq.  (16). 

Aa  expressioo  for  the  •  at ocor r s i * t i  ^a  foncti^a  2 
is  aaeJei  sad  we  sdopt  cae  of  typical  fora: 

8(tJ  -  (1T; 


.-I.a  t  T. 


The  latrodocti  :a  of  the  velocity  aatocor r e I  a t i  :c 
faactioa  iato  tha  intesrala  throsfh  Eq.  (12)  aaltlpliea 
the  cowplerity  of  the  aathewatici  sevaril  fold.  A 
liflitiag  case  of  iaterest  is  Chat  of  waicis^  tiaes  saall 
cowpared  to  the  flow  parsiatecce  Cia**  T^.  Oade  r  those 
coaiitioaa  Che  corralatioa  fonctioa  2  is  1.0.  i.a. 
darlag  a  relatively  short  waitiag-tiae  tha  velocity 
affectively  doea  aot  cheage  asd  Eq.  (16)  sicplifies  to 
<vtVv/0)>  -  v(0)t.  Eq.  (11)  thwa  baccwet: 

1  t  "PI*  ^ 

pa* I v|  a  -  - 


P(t\v) 


(19) 


where  agala  the  aotatioa  v(0)  for  initial  valocitv  ha« 
been  dropped. 

Coasiier  aow  tha  rather  typical  cylindrical  optical 
probe  voine  of  Fig.  3  where  t^  (<  a^  and  s^  *  Sy.  If 
tha  aaaa  flow  it  oriaatad  in  the  ^z  direetioa  theq  Eq. 
(19)  bacose  t  : 

.  .  f  11^  t  "“(paX^^t^  *  pSy^V7l)t 

P(t\v)  -  (psilw^l  ♦  piylvyl)  a  *  *  J  *  (20) 

Since  Cha  v^  Cervs  irsp  oat  thaa  Eq.  (18)  bacowaa: 

P(t)  -  J  J  P(t\;)  f(T,)  f(»y)  d»y  (21) 


where  F(t\v)  can  ba  obtained  fro*  Eq.  (20). 
Gaaaaiaa.  isotropic  toxbaleaca: 


Aaaoai  iog 


f(Vj>  .  - 
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(23) 


where  ^  it  the  tarbateace  Leteasity.  Eq.  (21)  eta  thea 
be  iategraCed  to  obtain: 


P(t) 


*  j  .,2  r  1  1  1 


a  *'*  erfc  (  -r* 
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where  erf  indicates  the  error  faacci>a  aad  the 
cowpleneat  ecfcix)  •  I  •  erf(i).  The  tbsalct*  vilie»  in 
€q,  (20)  were  taksa  into  accoc^nc  by  brsaX^si  Eq.  (21) 

into  two  integrals  for  positive  aad  aejinve  ve  l 1 1 1  e  < . 
Thw  only  appro aiaaCioQ  la  trrivisj  it  Eq.  (2*'  is  that 
erf((Xot;  •  l/D'''-'-  ■  I  *hich  fjc  X  '  0.4  ictrcdacet  4 

sax:a..-n  of  0.4%  error. 

The  liaitxaj  behavior  of  this  eiprsssioa  t*  given 

by: 


I  la 
t  -0 


P(t) 


1) 


{:5> 


and : 


where  is  a  flow  correlatioo  or  parilstence  Ciae. 

At  this  poiat  ww  can  sabstitate  Eq.  (13)  aad  its 
derivative  into  Eq.  (ID  to  obtain  the  watciag  tine 
probability  daaaity  P(t\7(0)}  eooditiooal  oa  v^.  To 
obtain  P(t)  for  la  eniaablt  of  saasireweacs  ia  tarboiaac 
flow  wa  wast  integrate  over  Che  probability  distribacioa 
Of  velocities  at  tiaa  zero.  For  raadoa  starts  of  the 
tiaer  this  is  jaat  the  actaal  velocity  J  i  s  t  r  ib-ic ;  oa 
foaction  f(v),  fa  can  writs: 


P(t)  ■  0  (26) 

t  -  • 

Recall  that  chase  E;s.  (24-26)  art  vslid  for  waiting 
tiaas  saall  rooptced  to  the  flow  c 0 r r e 1 s t ; :a  ttae  U 
)  with  0  *Qd  4  coastaac.  Voce  cisc  Hj.  '24)  jevittas 
ffvai  the  Poiii.^n  distribution  vaivd  f  jr  liaini:  flow  is 
given  in  £;.  (15)  in  both  the  cr  efficient  sad  the 

aapooe  2: . 


P(t  ) 


[  P(t  V)  f '  V)  4v 


(  18) 


otscrssioN 
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T«  iiie  loa*  istiiht  Isto  th#  ttroctart  of  th» 
fiaal  •xpraiftlcm  for  tbo  probtbility  da&aitj 
distribotioo  of  tho  «aitl&|-tlaa  coaaidor  Pig.  4  «baro 
P(t)  for  laaiakr  flow  froa  Eq.  (15)  lad  tha  fall 
•rprtaxioB  Sq«  (24)  for  (  ■  0.4  EtT#  boaa  plottad.  Tho 
aaaa  carrat  ara  alto  ihowa  oa  •  log  acila  la  Fig.  5 
vbara  a  third  earwa  dttcribad  by  tha  approxiaitloa  P(t) 
■  X*a~^'^  with  X*  ta  dafinad  ia  Eq.  (25)  plottad  as 
aall*  Daviatloa  of  Eq.  (24)  for  torbalant  flow  froa 
tha  Poiaaoa  fora  la  ratbar  taall  which  it  aigaificaat 
siaca  X^  it  ia  ga&aral  aabaowa.  Thera  la  bcwewar  a 
sigaificaat  ebasga  ia  P(t)  with  tarbalaaea  istefttlty 
i&dieatad  by  aa  iacxaaaa  ia  tba  saaa  particle  arrival 
rata.  Holdiag  the  aaaa  waloeity  ccnatact  and  iBcraaaieg 
tba  torbalenca  intentlty  tsctaaaaa  tha  particle  tweat 
rata.  Particle  tventa  are  not  conacrTed  baca&aa  tha 
diffoalwa  effect  of  torbalenca  iscraaaat  tba  ccabar  of 
particlea  crossing  a  ia  both  directions  while 
Baintaioing  tha  cat  particle  flax  cocataat.  Tbit  it 
ahowtt  ia  Fig.  6  whara  tha  lon|-tis.e-*awtr»ied  crpactstioa 
of  tba  particle  aweat  rata  <X>  for  tcrbcleat  flow  waa 
foond  by  iatagratici  Eq.  (24)  frow  lero  to  infinity. 
S'ota  that  <X>  is  tba  inverse  of  the  aeaa  wa  i  t i tiaa. 

Recall  that  Figi.  4-6  apply  to  tba  case  where 
For  finite  there  is  no  siapla  closed  fora 

exprsssioa  for  P(t).  la  Pig.  7  the  effect  of  it 
indicated  for  one  exaspla  with  tha  flow  correlation  tiaa 
Tg  eqoal  to  the  mean  wa i ting-tiaa ,  Tba  data  of  Fig.  7 
were  obtained  by  noaericslly  integratiag  Eq,  (18) 
sccoontini  for  R(t)  ia  Eqa.  (16)  sad  (17). 

Given  tha  ‘overall  objective  of  detemising 
tnrbclcnca  intensity  fton  oeesured  P(t)  it  ia  necessary 
to  fozanlate  a  strategy  for  extracting  ^  fros 
exf e risenta 1  data  ia  the  fora  of  Fig.  5  at  described  by 
Eq,  (24)  for  l<<Tg.  Uaf or taca tely  Xq  givea  ia  Eq.  (14) 
is  aa  anhnowa  ia  Eq.  (24)  in  additioa  to  tba  onlnown 
tuxbclenca  intensity  fa  envision  three  possible 

approtches  to  obtaia  {  fren  aeasoxad  P(t).  First  tha 
deviation  of  ?(t)  froa  tha  Poisaoa  fora  lesp(*Xt)  coold 
be  daterainad.  This  general  tachBiqae  vbieh  does  not 
require  kaewtedga  of  X^  has  beao  saecessfnlly 
deaonstratad  osing  another  signal  prccessiag  aetbod 
which  counts  psrticic  eveats  ia  fiaita  tisa  intervals  by 
Erdseaa  (1980)  and  Tan  and  Beraen  (1982).  However  tha 
daviitioa  of  Eq,  (24)  froa  Poisaoa  is  ssall  and 
erpariaental  errors  will  be  critical.  Va  have  «ada  soae 
auverieal  eiperiaents  by  generating  synthetic  P(t)  data 
using  assuaed  values  of  X^  sad  (  iccounting  for  typical 
soarcas  of  cxpcrisental  errora  sod  once r ta in t i e s.  A 
least  sqnares  technique  was  need  to  deteraiae  best  fit 
valoas  of  Xq  and  The  paraseters  in  tba  siaalatioa 

included  tha  ainiaa  tiaa  interval  acasured 
(liaited  by  iastroaeot  dead  tiaa  sad  noise), 
the  ncaber  of  discrete  tiae  intervals  in  tha  bxstograa. 
Our  results  eoofins  tba  feasibility  of  the  approach. 

Another  aatbod  for  data  analysis  vould  be  to 
eliwinatt  X^  as  an  esksewo  by  ieterxiaing  it 
inde  pc  n  life  nt  1  y .  In  that  situatica  it  sight  be  possible 
to  3se  Fig.  6  to  deiersiai  Direct  cessuxesrnt  of 

wccld  rsqnire  the  turbulence  intensity  to  be  eliminated 
while  rsietainiag  p,  $,  end  Wg  ccnstint.  It  is  probably 
rcre  practical  to  Bcasura  p  and  t  (which  arc  necessary 
for  particle  size  distribotica  aea s or eseot s )  sod  v^  to 
detsezine  X^  froB  Eq.  (14). 

:  sc:.:sioss 

The  s^sgle-baaa  transit-tise  laser  velocizeter 
'MV)  can  sake  reliable  Beasureeents  of  xean  welocity 
bst  IS  uot  very  sccarate  ia  deterziciog  low  to  zoderste 
levels  of  tc'bQlenco  intensity.  Con s i de r s t i cn  of  the 
wijTisg-tfae  distributioB  for  particle  events  ia  LIV 
'adds  sene  prorise  for  ness  nr  eze  o  t  s  onder  those 
-tr-itions.  irv e s t i ga ti on  of  the 

: ’  e rt e 1 1 c 1 1  analysis  preserted  here  is  wsrrscted. 
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Abstract 

The  evolntion  at  nonintrnaive  optical 
techniques  tor  particle  size  analysis  has  provided 
an  array  ot  poverfnl  diagnostics.  The  teenniqus 
either  probe  the  light  scattering/attenution 
properties  ot  the  aerosol  particles  or  fora 
photographic  or  holographic  iaages.  This  paper 
discnases  the  theoretical  baais  for  in-si ta 
particle  sizing  technique  and  reviews  some 
practical  applications  as  well.  Farther,  a  ncaber 
of  sabtle  considarationa  which  affect  the 
reliability  and  interpretation  of  data  froa  optical 
particle  sizing  inatroaents  are  discnased. 


C,g  partial  light  scattering  cross  section  (a’) 

d  particle  diueter  (a) 

D32  volcae-to-sorf ace  area  nean  diueter  (a) 

F  differential  light  scattering  cross  section 

13, ij  scattering  intensity  functions 

I  intensity  or  tiae  averaged  radiant  energy 

per  unit  area  noraal  to  the  propagation 
direction  (W/a*) 

I,g  scattered  intensity  (W/n‘) 

intensity  incident  upon  a  particle  (R/a*) 
spherical  Bessel  fuetion  ot  first  kind  and 
first  order 

k  proportionality  conatant  in  Eq.  (7) 

n  coaplez  refractive  indez 

a(a)  , article  ncaber  distribution  function 
N  ezponent  parueter  for  Rosin-Rualer 

particle  size  distribution 
Pjg  scattered  optical  power  (W) 

r  distance  from  origin  to  observation  point  in 

particle  centered  light  scattering 
coordinate  systea  (a) 

S  light  scattering  signal  uplitude 

z  aean  diueter  in  Rosin-Baaaler  particle  size 

distribution 

a  particle  size  parueter  nd/X 

5  fringe  spacing  (a) 

X  wavelength  (a) 

6  scattering  angle  aeasnred  froa  the  incident 
beu  propagation  vector 

azianthal  scattering  angle 


tive  of  a  significant  aaount  of  research  and 
developaant.  Successful  applications  of  this 
technology  are  being  reported  with  increasing 
frequency. 

Optical  technique  for  particle  aeasureaents 
can  be  divided  into  three  broad  areas.  First, 
photographic  and  holographic  aethods  analyze 
sianltaneonaly  recorded  iaages  ot  a  nnaber  of 
individual  particles  to  build  a  discrete  particle 
size  hiatogru.  Secondly,  enaeable  or 
anltiparticle  analyzing  aethods  utilize  the  light 
scattering  or  eztinction  integrated  over  the 
contributiona  froa  a  large  nubar  ot  particles  to 
dateraina  parueters  of  the  particle  size 
distribution.  Finally,  single  particle  coutera 
(SPC)  size  and  eomt  individual  particles 
traversing  a  relatively  uall  optical  saaple 
volue,  and  a  sequnca  of  particles  are  saapled  in 
order  to  build  up  a  discrete  size  distribution. 
The  three  approaches  are  coapleaentary  in  the  sense 
that  they  are  optiaized  for  different  types  of 
applications. 

Single  particle  eouters  are  the  optiam 
choice  for  analyzing  particles  roughly  O.Jiia  and 
above  in  applications  deaanding  high  specificity 
and  the  potential  for  sianltaneous  velocity 
Bsaaoreaents.  The  ezisting  eonaereial  technology 
of  iaaging  teehniqus  is  generally  liaited  to 
particles  larger  than  a  few  aicroaeters  with  tiae 
response  longer  than  a  few  seconds.  Iaaging 
teehniqus  can  provide  inforaation  on  particle 
shape  and  other  characteristics  not  retrievable 
with  light  scattering  aethods.  Enseable  aethods 
geuerally  require  less  sophisticated  optical 
systeas  for  iapleaentation  but  inherently  provide 
less  inforaation  as  the  optical  characteristics  of 
the  individual  particles  are  superiaposed  and  can 
never  be  totally  recovered. 

This  paper  first  presents  a  brief  discussion 
of  the  fudaaental  principles  of  light  scattering 
which  uderlie  laser-based  particle  sizing 
technology.  Then  details  of  soae  at  the  technique 
for  nonintrusive  particle  diagnostics  are  reviewed. 
For  the  purposes  of  this  paper  an  instruent  is 
considered  to  be  nonintrusive  if  no  saapling  probes 
are  involved  and  the  working  space  between  optical 
eleaents  and  the  optical  aeasureaent  volue  is  on 
the  order  of  10  ca  or  greater. 


There  are  aany  instances  when  conventional 
batch  saapling  aethods  for  particle  size  analysis 
are  either  iapractical  or  iapossible  to  iapleaent. 
Farther,  it  is  often  the  case  that  the  intrusive 
nature  of  saapling  aethods  introduce  unacceptable 
levels  ot  interference  into  the  aerosol  flow  at 
interest.  For  these  reasons  the  developaant  of 
nonintrusive  optical  diagnostics  for  particle  size 
and  concentration  aeasureaents  hat  been  the  objec- 
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An  infinite,  planar  electruagne tic  wave  can 
propagate  through  a  huogeneous,  nonabsorbing 
aediu  udisturbed.  This  propagation  is  rigorously 
described  by  Mazwell's  equtions  [1].  However  it 
is  also  uaefnl  to  consider  Huygens'  principle  [21 
which  states  that  each  point  on  a  wavefront 
(surface  of  conatant  phase  in  the  electruagne  tic 
wave  field)  serves  as  the  source  of  spherical 
secondary  wavelets  such  that  the  wavefront  at  sue 
later  tiae  is  determined  by  the  envelope  at  these 
wavelets.  The  secondary  wavelets  propagate  with 
the  saae  frequency  and  speed  as  the  priaary  wave 
would  at  eacu  point  in  space.  That  an  infinite 
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planar  wavefront  in  a  honogeneoas  medioa  propagates 
as  a  plane  wave  is  readily  visoalized  with  Huygens* 
construction  [2] . 

If  we  consider  the  homogeneous  medium  to  be  t 
gas,  then  the  secondary  wavelets  derive  from 
electrons  in  the  molecules  comprising  the  gas  which 
are  harmonically  accelerated  by  the  time-varying 
E-field  in  the  electromagnetic  wave.  This  occurs 
because  eacn  accelerating  electron,  by  virtue  ot 
Ampere's  and  Faraday's  Lavs  [2],  produces  its  own 
secondary  electromagnetic  wave  (i.  e.  a  scattered 
wavelet)  which  propagates  spherically  outward.  The 
superposition  of  these  scattered  wavelets  with  the 
unscattered  incident  wave  define  the  entire 
electromagnetic  field.  From  a  quantum  point  ot 
view,  the  gas  molecule  absorbs  a  photon  vhicn 
causes  an  electron  to  be  excited  up  into  a  virtual 
(unstable  or  disallowed)  state  for  a  very  snort  (< 
psec)  time.  In  elastic  scattering  events  of 
interest  here  the  electron  then  drops  back  to  its 
original  state  emitting  a  second  pnoton  of  the  same 
frequency  as  the  incident  photon.  This  emission  or 
scattering  process  is  random  in  the  sense  that  the 
photon  can  propagate  with  equal  probability  in  any 
direction  (at  least  in  the  plane  normal  to  the 
polarization  vector  of  the  incident  E-field).  The 
memory  of  the  molecule  retains  only  the  phase  and 
polarization  of  the  incident  photon  and  not  the 
direction  of  incidence. 

It  is  also  possible  for  the  energy  coupled 
into  the  electron  from  the  incident  photon  to  be 
dissipated  by  collisions  ot  the  excited  electron 
with  other  nuclei  or  electrons.  In  that  situation 
the  photon  energy  would  have  been  absorbed  and 
converted  into  thermal  (internal  kinetic)  energy. 
Both  the  scattering  and  absorption  processes  are 
included  in  rigorous  light  scattering  theory. 


Individual  Spherical  Parti 


The  parameters  controlling  the  scattering  of 
planar  electromagnetic  radiation  by  spherical 
particles  are  the  size  parameter  a,  the  complex 
refractive  index  u  of  the  particle  relative  to  the 
surroundings,  and  the  polarization  state  of  the 
incident  radiation.  The  three  scattering  regimes 
of  importance  can  be  delineated  as  Rayleigh 
scattering  for  a<<l,  geometric  optics  for  a>>l,  and 
Lorenz-Mie  scattering  for  a-1 •  For  visible 
radiation  Rayleigh  scattering  approzimatious  are 
valid  for  particle  diameters 

d<0.05^m,  and  geometric  optics  approximations  for 
roughly  d>Sum.  In  the  Rayleigh  regime  all  of  the 
electrons  (or  charge  dipoles)  in  a  particle  are 
subjected  to  the  same  E-field  by  virtue  of  their 
close  proximity  (relative  to  the  wavelength)  and 
therefore  oscillate  in  phase.  The  properties  of 
the  scattered  radiation  are  then  given  in  a  very 
simple  form  applicable  to  the  harmonic  oscillation 
of  a  charge  dipole.  In  the  geometric  optics  limit, 
the  wavelength  is  much  smaller  than  the  particle 
dimensions  and  the  incident  radiation  can  be 
considered  to  be  a  bundle  of  rays.  The  scattered 
field  at  any  point  separated  from  the  particle  can 
be  calculated  by  superimposing  refracted  snd 
reflected  rays  with  the  diffracted  field. 

In  contrast  with  the  Rayliegh  scattering  snd 
geometric  optics  regimes,  no  approximations  are 
possible  for  particle  sizes  on  the  order  ot  the 
wavelength  and  the  complete  set  of  Maxwell's 
equations  most  be  solved  for  the  particle  and  the 
surroundings.  The  theoretical  difficulties  here 
arise  from  the  fact  that  the  E-fields  experienced 
by  the  various  electrons  or  charge  dipoles 
distributed  throughout  the  particle  depend  on 


position,  and  therefore  these  electrons  emit 
secondary  wavelets  which  are  out  of  pnase.  The 
formnlation  for  this  intermediate  case,  known  as 
Lorenz-Mie  theory,  is  the  general  solution  for  all 
particle  sizes.  Exhaustive  treatises  of  light 
scattering  are  given  by  van  de  Hulst  [3]  and  Eerker 
[4].  Computer  codes  for  calculating  the  scattering 
characteristics  of  spherical  particles  of  arbitrary 
size  are  readily  available. 

Consider  the  scattering  geometry  in  Fig.  1 
with  the  particle  situated  at  the  origin 
illuminated  by  electromagnetic  radiation 
propagating  in  the  *z  direction  with  incident 
intensity  liac*  scattered  intensity  I,^  at  a 
distance  r  from  the  origin  is  given  by: 


T  •  1  ^ 

>  (a.n.d)  sin*0  +  i2(a,ii,9)cos’0]  (1) 

4n  r 


where  1^  end  12  ere  dimeneionlese  intensity 
fonctlone  for  scettered  light  polerized 
perpendicaler  end  perellel  to  the  scettering  plene 
respectively.  The  fonctione  i^  end  i2  ere  composed 
of  sphericel  Bessel  end  essocieted  Legendre 
functions  end  their  first  derivetives,  end  ere 
integrel  perts  of  Lorenz-Mie  theory  [3,4],  It  is 
convenient  to  nomei  ize  Eq,  (1)  by  the  incident 
intensity  end  other  constents  end  define  the 
differentiel  scettering  cross  section  F: 

F  =  i^Ca.n.S) sin‘0  +  i2(a,n.d)cas*0  (2) 

Some  compntetions  ot  F  ere  shown  in  Figs.  2,  3  end 
4.  Figure  2  indice tes  the  enguler  dependence  ot 
the  scettered  light  for  perticle  diemeters  of  0.1, 
0.5,  end  l.Opm,  and  Fig.  3  for  5.0  end  lO.Oiue 
particles  as  well.  Note  the  lobe  struetore  wnich 
becomes  a  dominant  factor  as  particle  size 
increases.  Figure  4  indicates  the  dependence  of  F 
on  particle  size.  In  the  Rayleigh  regime  F 
increases  as  diameter  to  the  sixth  power,  and  then 
gradually  changes  to  a  diameter-squared  dependence 
in  the  geometric  optics  regime.  The  oscillations 
present  for  6  =  45  and  90  degrees  in  Fig.  4  are 
typical  for  off-axis  scattering  of  nonabsorbing  (no 
imaginary  component  of  the  refractive  index) 
particles.  Forward  scattering  (small  0)  properties 
generally  display  much  less  structure  as  is  also 
evident  in  Fig.  4. 

The  radiant  power  P,g  scattered  into  a 
detector  with  a  finite  collection  aperture  is 
obtained  by  integrating  the  scattered  intensity 
over  the  solid  angle  subtended  by  the  detector: 


F  ( u ,  n ,  0 .0) 


sin0  dS  d0 


(3) 


The  partial  scattering  cross  section  for  a 
particular  detector  is  defined  as  the  scattered 
power  divided  by  the  incident  intensity; 


^1—  J  J"  F(o,n.O,0)  sinfl  d8  d0  (4) 


Individual  Nonsoherical  Particles 


It  is  not  possible  at  present  to  calculate  the 
scattering  and  absorption  characteristics  of 
particles  ot  arbitrary  shape  and  refractive  index. 
There  has,  however,  been  some  progress  on  theoret¬ 
ical  models  and  calculations  for  certain 
nonspherical  shapes  such  as  ellipsoids  [4], 
spheroids  [6,7J,  clusters  of  spheres  [8],  and 


2 


X 


Fig.  1  Ligbt  scatterisg  coordinate  system.  The 
functions  i^  and  i2  are  for  scattered 
light  polarized  perpendicular  and  parallel 
to  the  scattering  plane  respectively. 

cylinders  [9].  The  calculations  are  often  valid 
for  only  limited  values  of  refractive  index. 

Some  experimental  work  on  the  scattering 
characteristics  of  nonspherical  particles  has  been 
performed.  The  use  of  microwave  radiation  with 
wavelengths  on  the  order  of  1  cm  permits  the  study 
of  scattering  by  arbitrary  shapes  [10,11].  Forward 
scattering  by  agglomerates  of  spherical  particles 
has  also  been  observed  experimentally  [121. 

The  results  of  these  studies  indicate  that  the 
near-forward  scattering  characteristics  of 
nonspherical  particles  are  predicted  reasonably 
well  by  calculations  for  spherical  particles  oi 
equal  cross-sectional  area.  The  off-axis 

scattering  characteristics  however  are  strongly 
dependent  on  the  detailed  particle  shape.  Concern¬ 
ing  extinction,  (scattering  plus  absorbtion), 
spheres  of  equal  volume  and  surface  area  can  be 
used  to  approximate  these  optical  properties  of 
nonspherical  particles  [13], 

Scatterina  bv  an  Ensemble  of  Particles 

When  electromagnetic  radiation  is  incident  on 
an  ensemble  of  particles  the  results  can  sometimes 
be  calculated  by  merely  suaiming  the  contributions 
from  individual  particles.  However  the  specing  and 
the  positions  of  the  particles  in  addition  to  the 
physical  extent  of  the  aerosol  can  be  important. 
For  example,  it  the  particles  are  spaced  less  than 
about  3  diameters  apart  they  scatter  as  a  single 
entity.  Further,  if  the  particles  are  situated  in 
a  regular  pattern,  say  in  a  lattice,  the  phases  of 
the  scattered  waves  emanating  from  each  particle 
must  be  considered.  In  that  case  the 

ensemble-scattered  intensity  at  some  point  away 
from  the  aerosol  must  be  found  by  first  summing  the 
electrical  field  (considering  phase)  contribution 
from  each  particle  and  then  squaring  the  sum  to 
determine  scattered  intensity.  Conversely,  if 
there  are  many  particles  randomly  positioned 
relative  to  each  other  then  the  phases  are  random 
as  well  and  the  scattering  can  be  found  by  directly 
summing  the  intensity  contributions  from  each 
particle.  In  the  latter  case  we  have  incoherent 
scatter,  and  in  the  former  coherent  scatter. 

Multiple  Scatterina 

As  the  physical  dimensions  of  an  aerosol  cloud 
increase  the  probability  that  a  scattered  photon  or 
ray  will  encounter  another  particle  and  be 
scattered  again  before  leaving  the  aerosol 


increases  as  well.  This  phenomenon,  termed 
multiple  scattering,  will  clearly  alter  the 
characteristics  of  the  scattered  light  which 
finally  reaches  the  detector  of  a  diagnostic 
instrument.  The  presence  of  multiple  scattering 
complicates  significantly  the  interpretation  of 
light  scattering  measurements.  The  onset  of 
multiple  scattering  can  be  ascertained  from  the 
level  of  attenuation  of  the  incident  beam.  It  has 
been  suggested  that  less  than  90%  transmission 
indicates  multiple  scattering  [4],  although 
probabilistic  considerations  of  an  optical  mean 
free  path  would  suggest  that  multiple  scattering 
becomes  important  at  transmission  levels  less  than 
about  60%. 

III.  Ensemble  (mnltioarticle)  Sixinf  Teehninnes 

Optical  techniques  which  analyze  the  light 
scattering  and  extinction  properties  of  an  ensemble 
of  particles  are  quite  useful  in  several 
situations.  First,  for  measurements  ot  particles 
smaller  than  about  O.lpm,  ensemble  methods  are  the 
only  viable  options  since  SPC  and  imaging 
techniques  generally  cannot  distinguish  smaller 
particles.  The  lower  size  limit  of  a  typical  SPC 
is  determined  either  by  signal-to-noise  considera¬ 
tions,  since  scattering  cross  sections  decrease  as 
d*  in  the  Rayleigh  regime  but  the  noise  level  is 
fixed  by  detector  shot  noise,  ot  by  the  large 
particle  number  densities  encountered  at  small 
particle  sixes  which  make  it  impossible  to  maintain 
the  presence  of  only  one  particle  in  the  optical 
sample  volume.  Imaging  techniques  are  useless  for 
particles  smaller  than  several  wavelengths,  and 
since  visible  or  in  some  cases  near  ultraviolet 
radiation  is  generally  used  imaging  methods  are 
limited  to  particles  several  |im  and  above. 

Ensemble  measurements  inherently  contain  less 
information  than  SPC  and  imaging  data  as  the 
scattering  or  extinction  is  accumulated  over  til 
particle  sizes  in  the  aerosol.  In  some  situations 
it  is  possible  to  mathmatieally  invert  the  set  ot 
ensemble  measurements  and  reconstruct  or  estimate 
the  size  distribution.  The  resolution  possible  for 


Fig.  2  Lorenx-Mie  theory  calculations  of 
differential  scattering  cross-section  F  as 
a  function  of  scattering  angle  9  for 
various  particle  diameters  after  Banda 
et  al.  [5] . 
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Fi(.  3  Loranz~Mie  tliaory  calealatlona  of 
diffarantlal  scattazing  eross-saetion  F  as 
a  fonetion  of  scattarisg  angla  0  tot 
varioaa  partlcla  diaaiatars  aftaz  Haoda 
at  al.  CS]  . 

tlia  zaeonstzoetad  siza  distzibation  is  datazalsad 
by  tbs  aombsz  of  optical  pzopazty  aaasazeaiants 
(e.g,  tba  aoabsz  of  scattazing  anglaa),  bat 
pzactical  considarations  oftsn  liait  baza.  It  it 
oftan  advantagaoas  to  astiaats  ayazaga  pazaastsrs 
of  tbs  aezosol  sacb  as  a  aaan  diaaatez  zatbaz  than 
pazfoza  tba  coaplata  inrazsion.  Siailaziy  tbs  fora 
of  tba  siza  distzibation  can  ba  assoasd  and  tbs 
asasiiraaents  nssd  to  astiaats  tbs  bast  fit 
pazaastazs  foz  tbs  assoasd  size  di stzibotion. 

Sevezal  ansaabla-svazaged  optical  pzopaztias 
of  sezosols  can  ba  asad  in  siza  analysis.  Tbesa 
inclnda  spactzal  aztinction.  tba  angnlaz  depandanca 
of  scattezed  light,  and  finally  foz  vazy  saall 
pazticles  tba  spactzal  pzopaztias  of  tba  scattezed 
light  as  Dopplaz- shifted  by  the  Broynian  notions  ot 
the  pazticles.  The  following  pazagzaphs  discnss  in 
fnztbez  detail  these  ensemble  methods. 

Extinction  Methods 

Tba  aaonnt  of  light  zeaoved  fzoai  a  beam 
passing  thzongb  an  aezosol  dlzactly  indicates  tbs 
extinction  czoss  sections  of  tba  pazticles  along 
the  beam  path.  If  the  zefzactiva  index  and  the 
yoloaa  concantzation  of  tba  pazticles  aza  known, 
than  tbs  voloaie-to-sazf ace  azea  mean  diaaatez  D32 
(oz  Santaz  Mean  Diaaatez,  SMD)  can  ba  datezminad 
fzoa  a  single  tzansaission  neasnzaaant  [14]. 
Fnzthaz,  the  antbozs  [14]  stndied  tba  zatio  of  the 
transaittanca  at  two  probe  wavelengths  and  foand 
that  it  exhibited  nonotonic  behavior  whan  plotted 
as  a  function  of  D32  tot  nonabsorbing  particles  in 
tba  range  X.i/3<D32<Xs.  Azisssohn  et  ai.  [15]  also 
studied  this  two-wavelength  approach  and  found  that 
tba  specific  fora  of  tba  particle  size 
distribution,  if  it  was  not  very  narrow,  bad  little 
snflnsnca  on  tba  aeasareaent.  The  authors  [15] 


considered  measnreaents  on  coal  ash  pazticles  wnicb 
aza  weakly  absorbing  and  found  a  compressed  but 
uaafnl  sizing  range  ot  roughly  Xs/10<D32<1.3Xi  for 
Xi  *  0.325  pa  and  Xs  ■  3. 39  pa.  Lester  and  Wittig 
[Id]  and  Bzo  [17]  utilized  a  similar  method  in 
shock  tube  studies  ot  soot  formation.  Powell  et 
al.  [18]  nssd  spectral  transmission  data  coupled 
with  scattering  measurements  to  stndy  saoke 
particle  sizes.  Although  in  the  works  zefezenced 
above  only  mean  diameters  are  determined,  there 
have  also  been  a  number  of  studies  on  the  use  of 
spectral  transmission  measurements  to  determine  the 
size  distribution  as  well  [19].  For  optimum 

sensitivity  the  wavelengths  used  mast  roughly 
bracket  the  particle  sizes  of  interest,  so  these 
techniques  are  in  general  useful  for  intermediate 
particle  sizes  near  practical  wavelengths. 

Mnltianale  Scatterini  Measurements 

It  is  clear  from  Figs.  2,  3  and  4  that  the 
angular  scattering  characteristics  of  an  ensemble 
of  particles  will  contain  information  on  the 
particle  size  distribntion.  For  small  particles, 
say  several  pm  and  below,  it  is  necessary  to 
aeasore  scattering  characteristics  over  a  large 
range  of  scattering  angles.  ^  This  can  be 
accomplished  for  0  from  2  to  178  using  a  polar 
nephloaeter  as  discnssed  by  Hansen  and  Evans  [20], 
Hansen  then  used  this  technique  [21]  to  estimate 
size  distributions  and  refractive  indices  of  an 
atmospheric  aerosol.  In  soma  sitnations  it  is 
impractical  to  traverse  a  detector  azonnd  the 
aezosol  to  measure  angular  scattering 

characteristics,  and  a  few  detectors  at  selected 
scattering  angles  are  used. 

Nnltiangle  scattering  techniques  are  utilized 
in  some  situations  where  SPC  and  imaging  methods 
are  not  applicable.  Measurements  in  solid 

propellant  rocket  exhausts  wher-;  the  particle 
velocities  are  very  high  and  the  run  times  very 

short  have  been  made  by  Weaver  [22]  using 
multiangle  scattering  and  extinction.  Measurements 
of  soot  particle  sizes  in  flames  require  ensemble 

methods  because  of  the  small  sizes  (<100nm). 

Recent  studies  on  soot  by  Santoro  and  Semerjian 
[23]  and  Chang  and  Pennez  [24]  have  been  completed 
el  though  the  presence  of  nonspherical  agglomerates 
complicate  interpretation  of  the  data.  The  authors 
[22,23,24]  used  an  optical  system  similar  to  that 


PARTICLE  DIAMETER  (fiml 


Fig.  4  Lorenz-Mie  theory  calculations  of 
differential  scattering  cross-section  F  as 
a  function  of  particle  diameter  for 
various  B,  after  Hands  et  al.  [5]. 
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Fig.  5  Gaaartlizcd  ScbMatie  of  i  Latai-btsod 
Slagle  Particle  Cooater 


la  Fig.  5  bat  with  soae  detectors  orleated  la  the 
baekscatter  dlreetloa  becaase  of  the  taall  particle 
sizes.  Meaaareaeat  of  the  polarizatioa  state  of 
the  scattered  radiatloa  is  also  osefol  la  particle 
size  aaalysls  by  easeable  aaltiaagle  scatteriag. 

Oae  problaa  for  all  aaltiwavaleagth  or 
aaltiaagle  diagaostiea  for  particle  sizes  of 
several  microaeters  aad  below  is  that  the 
scatteriag  characteristics  caa  be  stroagly 
iafloeaead  by  the  refractive  iadez  vhich  is  ia 
geaeral  aot  knova.  By  iacreasiag  the  aoaber  of 
aeasoreaeots  aad  assoaiag  that  the  size 
distribatioa  is  aoaodisperse  or  ot  soae  particalar 
fora  it  is  possible  ia  theory  to  deteraiae  the 
refractive  iadez  aloag  with  the  size  distribatioa 
[21,23,25] . 

As  particle  size  iacreases  it  caa  be  seea  froa 
Fig.  3  that  the  eaergy  is  scattered  predoaiaeatly 
iato  the  aear-forvard  directioas.  Farther,  for 
particles  greater  thaa  several  pa  the  doaiaaat 
coatribator  to  the  forward  lobe  is  diffractive 
scatter  at  op<)oted  to  refraetloa  or  refleetioa. 
Aaalysls  of  the  forward  diffractioo  lobe  has  becoae 
a  coaaoa  diagaostic  for  particles  aad  droplets 
larger  thaa  several  aicroaeters  ia  diaaeter. 

The  geaeral ized  scheaatic  of  a  laser 
diffractioa  particle  siziag  apparatas  is  saowa  ia 
Fig.  6,  The  beaa  froa  a  laser,  typically  a  several 
aW  He-Ne  wodel,  is  spatially  filtered,  ezpaaded^ 


aad  colliaated  to  several  oa  diaaeter  at  the  1/e 
iateatlty  poiats.  This  colliaated  probe  beaa  is 
directed  Chroagh  the  aerosol  of  iaterest  aad  the 
traataitted  (oascattered)  portioa  is  focased 
oa-azis  to  a  spot  at  the  back  focal  plaae  of  the 
receiviag  leas.  Light  scattered  by  perticles  ia 
the  probe  beaa  vhich  pastes  throagh  the  apertore  of 
the  receiviag  leas  is  directed  to  off-azis  poiats 
oa  the  obtervetioa  or  detectioa  plaae.  A 
aoaodisperse  easeable  of  spherical  particles  large 
coapared  to  the  vaveleagth  woald  prodace  the 
characteristic  Airy  diffractioa  pattera  showa  ia 
Fig.  6  as  described  by  Fraoahofer  diffractioa 
theory: 
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where  it  the  first  order  Bessel  foactioa  of 
first  kiad.  The  obliqaity  correctioa  (1  *  eot’S)/2 
has  beaa  aeglected  ia  Eq.  (3)  aad  the  taall  aagle 
approziaatioa  of  sia0>4  has  beaa  aade. 

la  practice!  sytteas  a  distribatioa  oi  part¬ 
icle  sixes  or  t  polyditpertioa  it  geaerally 
eacooatered.  The  coaposite  scattered  iateatity 
profile  is  a  liaaar  coabiaatioa  of  the 
characteristic  profile  of  each  droplet  size  vith  a 
vaightiag  coefficieat  eqoal  to  the  ooaber  of 


particles  of  that  size  ia  the  saaple  voloae.  The 
diffractioa  signatare  of  a  polydisperse  spray  is 
givea  by; 

I(e>  -  Ij 

where  a(a)da  is  the  aoaber  of  particles  io  the 
laser  beaa  vith  sizes  batveaa  a  aad  a  +  da  aad 
troncatioa  of  light  diffracted  at  large  aaglea  by 
the  receiviag  leas  has  beea  aeglected  [2b]  .  A 
priaary  effect  of  broadeaed  size  distribatioas  is 
eliaiaatioa  of  the  coatrast  ia  the  diffractioa 
pattera  as  showa  ia  the  diffractioa  sigaataras 
celcalated  for  several  Kosia-Kaaaler  particle  size 
distribatioas  ia  Fig.  7.  The  two  paraaeters  ia  a 
Rosia-Sauler  distribatioa  are  the  aeaa  diaaeter  z 
aad  the  ezpoaaat  N.  The  width  ot  the  distribatioa 
iacreases  vith  decreasiag  N,  aad  as  S  approaches 
iafiaity  the  distribatioa  becoaes  aoaodisperse. 

The  basic  task  ia  laser  diffractioa  particle 
siziag  is  to  detect  aod  aaalyze  the  diffractioa 
sigoatare  1(6),  aad  thaa  aatheaatically  iavert  Eq. 
(6)  to  deteraiae  paraaeters  of  the  particle  size 
distribotloa.  Chia  et  al.  la  19SS  [27]  proposed 
several  detectioa  tschaiqoes,  oae  of  vhich  was  to 
traverse  a  piahole/photode tector  asssably  across 
the  diffractioa  pattera.  Dae  to  the  aechaaical 
traverse  this  detectioa  approach  reqalres  a 
sigaifieaat  aaoant  of  tiae  to  cover  the  eatire 
diffractioa  pattera.  Farther,  the  large  dyaaaic 
raage  of  the  diffractioa  sigaatore  givea  by  Eqs.  S 
aad  6  is  aaother  difficalty  for  sach  systeas. 

The  advaatages  of  real  tiae  aaalysis  ot  the 
eatire  diffractioa  sigaatore  at  opposed  to 
traversiag  a  detector  across  either  the  diffractioa 
pattera  itself  or  a  photographic  iaage  thereof  are 
obvloas.  Developaeats  ia  aoaollthic  solid  state 
malti-eleaeat  detector  arrays  ia  the  1970* s 
iaproved  the  sitoatioa  by  alloviag  the  eatire 
diffractioa  sigaatore  to  be  aaalyzed 
iastaataaeoasly.  A  aoaolithic  detector  desigaed 
for  forward  scatteriag  aeasoreaeats  is  saowa  ia 
Fig.  8.  Note  the  iacreasiag  thickaesa  of  the 
aaoalar  detector  eleaeats  vhich.  vhea  coopled  vith 
iacreasiag  leagth  (circoafereaea) ,  resalt  ia  a 
sigaifieaat  iacrease  ia  detector  area  as  radios 
iacreases.  This  effect  coapreases  the  dyaaaic 
raage  of  the  scatteriag  aeasareaeats.  A  detector 
siailar  to  that  in  Fig.  8  desigaed  by  Recogaitioa 
Systeas,  lac.  [28]  for  parts  recogaitioa 
applicatioas  is  atllized  by  Malvera  lastroaeats 
Ltd.  [29]  ia  a  coaaerclal  laser  diffractioa 


oo 

r  a'k* 

J  16n‘ 


2J,(ae) 


a(a)  da 


Fig.  6  Scheaatic  of  Laser  Diffractioa  Particle 
Siziag  lastroaeat 


Fl|.  7  Fontrd  sotttriai  sl|Batar«(  calealatad 
aalag  Fraoaliofar  dlffraetloa  tliaory  for 
Roaia-Kaaalar  partiela  aiza  distribatioaa. 
X  ■  0,6328|Ui. 

pattieie  siilaf  laatmaat  basad  oa  tha  work  of 
Saitkaabaak  at  al.  [30]. 

A  aoabar  of  data  proeaatlaf  aathoda  hava  baaa 
aaad  to  aztzaet  partiela  aiza  laforaatloa  froai 
aeatorad  dlffraetloa  pattaraa.  diia  at  at.  [27] 
atllizad  tbe  iategral  traaafora  darivatloa  of 
Titachaarab  [31]  to  taalytically  iarart  Eq,  ($)  to 
obtaia  a(a),  Oobbiaa  at  al.  [32]  aoaavbat 
paradozleally  obaarvad  that  tha  dlffraetloa 
algaatoraa  ware  ralatlvaly  ladapaadaat  of  tha  fora 
of  tha  droplat  aiza  diatrlbatloa  aad  dapaadad 
prlaarlly  oa  D32.  Tha  aathora  [32]  atllizad  a 
alagla  paraaatar  of  tha  dlffraetloa  pattara.  tha 
aagla  at  whleh  tha  aeattarad  light  la  dowa  to  10% 
of  tha  oa  azia  Talna,  to  dataraiaa  D32.  Othara 
[33,34]  hava  alaea  aodlfiad  allghtly  thla  approaeh 
aad  It  la  atlll  la  aaa  today. 

Swithaabaak  at  al.  [30]  aaalyzad  tha  dlffrae¬ 
tloa  pattara  with  tha  aaaalar  riag  dataetor 
diaeaaaad  abova  aad  aabaaqoaatly  did  a  aoaarleal 
lavaraloa  (aa  oppoaad  to  latagral  traaafora)  of  a 
dlaeratizad  fora  of  Eq.  (6)  to  obtaia  tha  woloaa 
diatrlbatloa  la  7  dlaerata  aiza  biaa.  Tha 
laweraioa  problaa  la  ill-eoadltioaad  aad  aa  aaeoad 
approaeh  tha  aathora  [30]  aaaoaad  that  tha  aiza 
diatrlbatloa  war  of  Roala-Raular  fora  with  two 
ladapaadaat  paraaatara.  Raeaat  data  prooaaalag 
daTalopaaata  do  aot  raqalra  aa  aaaaptloa  of  tha 
fora  of  tha  aiza  diatrlbatloa  [29,331. 

Dlffaaioa  Broadaalaa  SpaetroaeoBw 

Oaa  problaa  with  apaetral  aztlaetloa  aad 
aaltlaagla  aeattarlag  aaaaoraaaata  of  aaall 
partielaa  la  tha  dapaadaaea  oa  rafraetlva  ladaz 
whleh  la  gaaarally  oakaowa  aad  alght  ewaa  wary 
batwaaa  partielaa.  Oaa  dlagaoatie  whleh  for 
eartala  applleatloaa  doaa  aot  raqalra  kaowladga  of 


tha  rafraetlva  ladaz  la  dlffaaioa  broadaalag 
apoetroaeopy.  Light  aeattarad  by  aolaealaa  or 
partielaa  la  Doppler  ahlfted  doe  to  Browalaa 
aotioa.  Tha  aagaitade  of  the  fraqaaaey  ahlft 
dapeada  oa  the  valoeity  of  tha  partiela  aad  tha 
aagla  at  whleh  tha  aeattarad  radlatloa  la 
eollaetad.  Light  aeattarad  froa  a  larga  eoabar  of 
partielaa  eadergoiag  Browalaa  aotioa  la  a  aadloa 
with  a  aaaa  aaaa  valoeity  of  zero  eoatalaa  a 
diatrlbatloa  of  freqoaaelaa  eeatarad  arooad  tha 
iaeldaat  laaar  fraqaaaey.  If  the  light  aeattarad 
by  thaaa  partielaa  la  eollaetad  aad  aizad  oa  a 
alagla  dataetor  (hoaodyaa  dataetloa)  thaa  tha 
fraqaaaey  diffaraaeaa  batwaaa  wavaa  aeattarad  froa 
tha  varioaa  partielaa  will  ba  praaeat  la  the 
dataetor  oatpat  with  a  raaaltiag  apaetroa  eeatarad 
arooad  zero  fraqaaaey.  Tha  theoratieal  aaalyala 
for  pradletlag  tha  power  apaetroa  aad 
aotoeorralatioa  foaetloa  of  tha  hoaodyaa  aeattarad 
light  aigaal  for  partielaa  aoapaadad  ia  a  atagaaat 
or  laaiaar  flow  ia  wall  kaowa  [3<] .  The 
pradletioaa  dapaad  oa  tha  aeattarlag  aagla,  tha 
partiela  diaaatar,  aad  tha  diffoaioa  eoaffleiaat 
whleh  ia  tora  dwpaada  oa  taaparatora  aad  viaeoalty. 
By  aMaaoriag  tha  half-width  of  tha  power  apaetra 
[37]  after  Paaaar  at  al.  or  tha  eorralatloa  tlae 
[3S1  froa  photoa  eorralatloa  after  Riag  at  al.  tha 
diffoaioa  eoaffleiaat  of  tha  partielaa  eaa  ba 
dataraiaad.  latrodaetloa  of  aoaa  aaaoaptioaa 
eoaoeraiag  tha  diffoaioa  eoaffiaeiaat  thaa  allowa 
tha  partiela  aiza  of  a  aoaodiaparaa  aaroaol  to  ba 
dataraiaad. 

Tha  optieal  ayataa  raqoirad  for  diffoaioa 
broadaalag  apaetroaeopy  la  rather  aiapla  aa  ahowa 
la  Fig.  S.  Tha  laaar  foeoa  diaaatar  it  aalaetad  to 
aiaiaiza  broadaalag  affaeta  doa  to  flaata  partiela 
raaidaaea  tlaa  [38].  Tha  oatpat  froa  tha  dataetor 
woold  thaa  go  to  a  apaetroa  aaalyzar  or  a  digital 
photoa  eorralator. 

Diffoaioa  broadaalag  apaetroaeopy  haa  baaa 
aaad  aaeeaaafally  la  floaaa  [38,37,38]  aad  other 
partiela  ayttaaa.  It  la  oaly  eatfal  for  partiela 
diaaetart  laaa  thaa  aboat  lOOaa  beeaaaa  the 
fraqoaaey  thlfta  bacoaa  very  aaall  aa  tha  Browalaa 
dlffaaioa  valoeltlaa  daeraaaa  for  larger  partielaa. 
Farther,  thla  taehalqoa  ia  oaly  ladepeadeat  of 
rafraetlva  ladaz  for  aoBoditparte  aaroaol a,  aad 
aaccaaafal  applieatloa  ia  polydltparae  ayataat 
aaaaa  aallkely. 

!£• _ Utar/Optleal  Slaile  Partiela  Coaatart  (SPC) 

A  gaaeralized  aehaaatlc  of  aa  optieal  SPC  la 
praaeatad  la  Fig.  3.  Tha  oatpat  baaa  froa  a  laaar 
or  other  aoorea  of  radlatloa  it  direetad  (tad 


Fig.  8  Raprodaetloa  of  tha  photoaaaaltlva 
elaaaatt  of  a  aoaollthle  P  oa  N  photodiode 
array  dataetor  after  Birlaaaa  [28]. 


DIAMETER  (^M) 


Fi|.  9  Partial  liiht  acattariag  eroaa  taetioaa 
for  tpharieal  partielaa  with  rafraotira 
iadax  b>1.47  for  f/1.9d  raealTlag  optica 
oriaatad  for  10  dagraas  off  azia 
eollaetioa  la  tlia  plaaa  aoraal  to  tlia 
diraetioa  of  polarizatioa  of  tlia  laeldaat 
baaa.  Tka  Loraax-Hla  tliaorp  ealcalatloaa 
aaad  X  <•  0.6328  pa. 

typically  focaaad)  iato  tha  optical  aaapla  volcaa. 
Tkia  aaapla  or  proba  Toloaa  caa  ba  thoaght  of  aa 
that  ragiOB  of  apaca  whara  a  aiagla  particla  caa 
gaaarata  a  aafficieat  datactor  aigaal  to  ba 
diacriaiaatad  or  ' aaaa'  orar  tha  backgrooad  aoiaa. 
Aa  iadividaal  partielaa  paaa  throagh  tha  aaapla 
voloaa  thay  iataract  with  tha  laeldaat  radiatloa 
baaa  (i.a.«  aeattar.  abaorb.  aad/or  flooraaca 
light)  aad  arc  obaarwad  by  dataotioa  optica 
oriaatad  at  aoaa  aagla(a)  0  with  raapaet  to  tha 
baaa  propagatioa  diraetioa.  Tha  aiagla  particle 
aigaal  obtaiaad  at  tha  photodatactoria)  ara 
procaaaad  to  prowlda  iaforaatioa  oa  tha  alia  aad 
poaaibly  tha  walocity  of  each  particla.  The 

variooa  SPC  appzoachaa  to  particle  aizlag  are 
diaeaated  below. 

Liaht  acatteriaa  eroaa  aectioa  aeaaariat  techaianea 

Tha  Boat  coaaoa  approach  to  particle  aizlag 
iawolvaa  tha  prlacipla  that  the  aaonat  of  tha  light 
seattarad  by  a  particle  la  a  acaiaally  Boaotoaic 
iaeraaaiag  foactioa  of  particle  iize.  It  followa 
that  aeaaareBeat  of  a  acattariag  or  extiactioa 
eroaa  saetioa  caa  ba  aaad  to  iafar  particla  size. 
T..a  SPC  acattariag  aigaal  raapoaae  S  to  a  particle 
ia  aa  iaeidaat  radlatioa  field  (aaifora  over  the 
particle)  of  iataaaity  Ijae  ia  girao  by: 

S  -  k  liac  C,c  (7) 

whara  k  ia  the  ayataa  gala  ia  traaadaeiag  radiaat 
eaargy  to  voltage  aaiog  a  photodetaetor  and  C,g  ia 
tha  partial  light  acattariag  eroaa  aactioa  aa 
datarBlaad  frea  Eq.  (4)  .  Tha  partial  eroaa 
aaetioaa,  aa  oppoaed  to  total  eroaa  aaetioaa, 
dapaad  oa  tha  apecifie  fiaita  apartore  datactor 
eoaf igoratioa  la  aaa.  A  raaponaa  foactioa  S(d) 
ralatiag  Baaaorad  aigaal  levala  to  tha  diaaatara  of 
apharieal  partielaa  of  known  rafraetiva  index 
paxaiag  throagh  a  SPC  aaapla  voloaa  of  known 
iaeidaat  iataaaity  ling  can  ba  dataniaad  frea 
theoretical  calealationa  of  C,g(d).  Hare  the 
factor  k  aaat  ba  dateraiaed  by  calibration. 

A  plot  of  partial  light  acattariag  eroaa 
aactioa  for  apharieal  partielaa  illoainatad  by  a 


coharaat  aaiphaaa  wave  calealatad  aaiag  a 
Loraaz-Mia  theory  coBpater  code  [3]  la  given  ia 
Fig.  9.  Tha  calcalatioaa  ara  for  an  off-axia 
f/1.96  oollaetioB  leaa  cantered  at  9  ■  10*  frCB  the 
iaeidaat  radiatloa  propagation  diraetioa  (forward 
acattariag).  Tha  oacillatory  nature  of  the  plot  ia 
a  raaalt  of  reaoaanca  interaetioaa  in  the 
acattariag  proeaaa  and  reaalta  in  zabigaitiea  in 
particle  aixa  dateraiaation  frea  SPC  acattariag 
aaaaoraaaata.  Another  problea  inherent  in  axing 
tha  laaar  aa  a  SPC  radiation  xoarce  ia  tha 
nonoaifora  iataaaity  profile  acroxa  the  baaa 
[12.39].  Dnfortaaataly.  aaothor  aabigaity  ia 
aigaal  lavala  ariaaa  for  in- aim  SPC  aiaca  tha 
partielaa  are  free  to  travaraa  the  aaapla  voloaa  at 
any  poaitioa.  Thna,  partielaa  will  experience 
different  peak  Incident  iatanaitiaa  ligg  depanding 
on  tha  trajectory  and  avea  a  Boaodiaparae  (aaifora 
aixa)  aaroaol  will  gaaarata  a  broad  diatribation  of 
aigaal  aaplitndaa  S. 

A  nnabar  of  aathoda  have  baaa  davixad  to 
eliaiaata  the  naknown  iaoidaat  iataaaity  affect  in 
eroaa  aactioa  aeaanriag  techaiqoaa.  The  baaie 
approachea  inelnda:  (1)  analyaia  of  only  thoaa 
partielaa  which  paaa  throagh  a  aalaetad  portion  of 
tha  baaa  of  known  and  conatant  iateaxity,  (2) 
analyaia  of  all  partielaa  and  latar  correction  for 
the  known  diatribation  of  particle  trajaetoriaa  aad 
eorraaponding  incident  iatanaitiaa.  (3)  nae  of  the 
ratio  of  acattariag  aigaala  at  two  or  nora  anglaa 
to  cancel  the  incident  iatenaity  effect. 

For  in-aitn  Baaanreaenta  variona  optical 
aathoda  of  diaeriainating  thoaa  partielaa  whiea 
paaa  throagh  a  control  portion  of  tha  bean  have 
bean  aaad.  inelndiag  coiaeidenca  detaetora  at  90* 
by  Oagnt  at  al.  [40]  and  ia  tha  forward  direction 
by  Caollaabarg  [41].  It  hat  alao  been  anggaatad 
that  a  pointer  later  bean  tightly  foentaad  within  a 
larger  proba  bean  ba  aaad  to  diaeriniaata  thoaa 
particaa  which  paaa  throagh  tha  eaatar  of  the  proba 
baaa  [42].  Thit  lattar  approach  doaa  not  eliaiaata 
the  aabigaity.  bat  rather  ahifta  tha  problea  to  the 
pointer  baaa  where  the  effect  it  leaa  ligaificant. 
It  ia  alao  poaaible  to  change  the  iatenaity  profile 
teroaa  the  laaar  baaa  frea  Gaotaian  to  aoaathiag 
approxiaating  a  tophat  aaiag  iataaaity  filtara. 
Bowever  any  baaa  degradation  dae  to  windowt  or 
refractive  index  flaetaationa  woald  spread  the 
profile  and  raintrodaca  the  iatenaity  aabigaity. 


Fig.  10  Retpoasa  foactlona  for  ratio-type  SPC. 

Tha  data  apply  to  spherical  particles  with 
Bvl. 36-0. 471  (soot)  and  X  •  0.6328|(a.  The 
scattering  angle  pairs  are  t)48*/24*, 
b)24*/12*,  c)12*/6*,  d)6*/3*,  e)3*/l.S*, 
f)l  /0.5*,  |)O.S*/0.23*.  All  bat  the 
48  /24  carve  were  trancated  after  the 
first  BiniBoa. 
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Fi|.  11  Scliamatic  ot  optical  lystea  for  particle 
tizini  intarfercaatar  after  Hoaaar  ISO]. 

It  appaara  that  no  dafinitiva  stadiaa  on  the  naa  ot 
tophat  profilaa  have  bean  reported. 

Another  soaavhat  aiailar  technique  propoaad  by 
Hirlaaan  [43]  involves  the  nae  of  signals  generated 
by  particles  traversing  tvo  adjacent  laser  beaas. 
The  dnal  paah  signatnie  is  nsed  to  detemina  two 
velocity  eoaponents  and  the  trajectory  of  each 
particle.  Given  known  laser  bean  properties  the 
incident  intensity  history  for  a  particle  is  then 
conplately  determined  which  permits  a  raal-tiaa 
corraction  for  the  intensity  aabignity.  After 
in  Eq,  (7)  is  determined  a  calibrated  response 
fnnetion  prediction  inch  as  Fig.  9  would  be  used  to 
relate  signal  amplitudes  to  particle  size.  This 
technique  [43]  has  bean  proposed  for  light 

scattering,  eztinction,  tad  fluorescence  cross 
section  naasureaents  although  ezperiaents  to  date 
have  used  only  light  scattering. 

A  second  general  approach  to  the  aabignoua 
incident  intensity  problem  is  to  eorrect  after  the 
fact.  One  implementation  of  this  approach  proposed 
by  Holva  and  Self  [44]  is  to  first  consider  the 
distribution  of  scattering  signal  pulse  heights 
generated  by  particles  of  one  size  passing  with 
equal  probability  through  all  portions  of  the  laser 
beam  focus  region.  The  optical  system  required 
again  is  like  Fig,  S  using  a  single  near-forward 
off-axis  detector.  The  signal  height  distribution 
from  a  polydispersion  is  then  a  linear  combination 
of  the  monodisperse  particie  response 
distributions.  A  numerical  scheme  was  developed 
[44]  to  invert  the  resulting  system  of  equations 
and  solve  for  the  lineer  coefficients  which  are 
proportional  to  concentrations  in  the  discretized 
particle  size  intervals.  This  approach  [44]  has 
been  successfully  used  for  sizing  burning  droplets 
and  particulates  emitted  from  a  coal  combustor. 

Scatterina  Intensity  Ratio  Techniques 

The  final  method  to  eliminate  the  incident 
intensity  ambigni -  in  SPC  is  to  utilize  the  ratio 
of  scattered  light  signals  frcrn  two  or  more 
scattering  angles  to  determine  particle  size.  This 
approach  is  often  nsed  in  ensemble  mnltiangle 
scattering  measurements  where  the  relative 
scetterlng  profile  rather  than  the  absolute 
scattering  at  some  angle  is  used.  Hodkinson  [43] 
suggested  and  Gravatt  [46]  implemented  an  SPC  based 
on  the  ratio  technique  vhica  used  scattering  ratios 
from  near-forward  scattering  angles  where  the 
sensitivity  to  particle  shape  and  refractive  index 
is  minimized.  The  optical  configuration  of  ratio 


counters  can  be  similar  to  that  in  Fig.  S.  ax  though 
annular  dsteetion  schemes  are  often  used  [12,47]. 
A  aet  of  zesponae  fnactlons  for  a  ratio  SPC  is 
plotted  in  Fig.  10.  One  problem  evident  from  Fig. 
10  la  the  multivalued  responaa  fnnetion  plotted  for 
the  largest  angle  pair.  Outsize  particles,  or 
those  larger  than  the  first  minimum  in  the  ratio 
reaponae  functions  in  Fig.  10,  will  be  incorrectly 
sized  by  ratio  instruments  which  utilize  only  a 
single  pair  of  scattering  angles.  The  multiple 
ratio  concept  (HRSPC)  developed  by  Hirleman  and 
coworkars  [12,47]  was  designed  to  eliminate  this 
ambiguity  problem. 

Satio  counters  still  have  an  optical  sample 
volcme  which  depends  on  particle  size  and 
corrections  for  this  effect  must  be  considered 
[121.  Also,  since  forward  scattering  is  generally 
used,  ratio  counters  are  relatively  inaanaitiva  to 
particle  shape  and  refractive  index  [12] . 

A  poaaibla  advance  fox  ratio  sehsmea  may  be  to 
integrate  photodiode  array  dstectora  to  allow  more 
aoattering  data  to  be  collected  without  simply 
adding  photcmnltipller  tnbss.  Bartholdi  et  al. 
[48]  used  a  linear  photodiode  array  in  an  SPC 
application  and  we  are  studying  the  use  of 
intensified  versions  of  the  detector  in  Fig.  8. 

Katio  SPC  are  applicable  in  the  ncminal  size 
range  of  0.3  -  lO.Oitm  for  practical  laser  sources. 
They  have  been  successfully  applied  in  engine 
exhausts  [471,  flame  studies  [49],  fluidized  bed 
off-gas  [SO],  and  in  several  other  applications. 

Particle  Sizint  Interferometry 

Another  approach  which  can  provide  particle 
size  information  independent  of  incident  intensity 
ia  particle  sizing  interferemetry  (PSD.  A 
sehematiu  is  shown  in  Fig.  11.  As  a  single 
particle  passes  through  the  intersection  region  of 
two  nonparallel  laser  beams,  Doppler-shifted 
scattered  light  waves  from  each  beam  emanate  from 
the  particle.  Heterodyning  the  two  contributions 
of  scattered  light  at  a  detector  will  produce  the 
Doppler-dif ference  frequency  which  is  directly 
related  to  the  particle  velocity  and  the  angle 
between  the  laser  beam  propagation  vectors.  This 
principle  underlies  the  laser  Doppler  velocimeter 
(U>V).  A  particle  crossing  the  LDV  beam 
intersection  region  will  produce  an  approximately 
Gaussian  signal  (pedestal)  with  the  modulated 
Doppler-dif ference  component  written  on  the 
pedestal  [51]  as  shown  in  Fig.  12.  The  ratio  of 
the  modulated  signal  amplitude  to  the  pedestal 
amplitude,  which  is  termed  the  visibility,  provides 
e  measure  of  perticle  size  as  shown  by  Farmer  [51] 
end  others  [52,53]  who  used  a  scalar  description  of 
the  process.  For  large  apertures  which  collect  all 
of  the  forward  scattered  (diffracted)  light  the 
visibility  V  as  a  function  of  particie  diameter  d 
and  fringe  spacing  &  vat  shown  by  Robinson  and  Chu 
[53]  to  be: 

V  .  (g) 

wd/6 

where  it  a  first  order  Bessel  function  of  first 
kind.  A  plot  of  V  is  given  in  Fig.  13. 

Calculations  considaring  the  complete  problem 
of  scattering  by  a  sphere  simultaneously  in  two 
coherent,  collimated  later  beams  [54]  predicted  a 
strong  dependence  of  the  visibility  on  particle 
refractive  index,  the  detector  aperture,  and 
detector  position  relative  to  the  beams.  A  number 
of  experimental  studies  have  confirmed  the 
importance  of  careful  receiving  optics  design 
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(a)  DOPPLER  BURST  SIGNAL 


(b)  pedestal  COHPONENT 

* 


(c)  DOPPLER  COMPONENT 

Fit.  11  SifTSAls  ftOB  Pkxtielt  lisisi 
iottrf aroatttr  «ft«r  Baelialo  (571. 

[54, 5S]  sltboaih  eonflictiai  obsamtioas  bara  also 
baaa  aada  [541. 

Aaothar  ralatad  approach  is  tha  off-axis  Pbl 
proposad  by  Bachalo  [57]  which  otilixas  tha 
iatarfareoce  of  rafxactad  or  raflactad  lifht 
scatteriag  coatribotioaa  rathar  thaa  tha 
diffractive  scatter  of  a  coavaatiooal  PSI  [51]. 
This  aethod  la  applicabla  to  particlaa 
siiaif lesatly  larger  thaa  tha  vavalaagth  tad  is 
based  oa  the  diffaraaca  ia  optical  path  laagth 
traveled  by  refracted  rays  froai  tha  two  crossed 
betas  vhich  pass  through  tha  particle  aad  arrive 
coiacidaatly  at  the  detector.  The  visibility 
raspoaaa  foactioa  for  a  typical  off-axia  PSI 
collectioa  tagle  [57]  of  20*  it  also  shova  ia  Fig. 
13,  tad  the  expaaded  d/S  sixiag  rtage  for  this 
coacapt  is  tpparaat. 

Althoagh  the  visibility  is  a  relative 
aaataraaaat,  absolata  light  scattarlag  cross 
saotioas  still  coatrol  tha  PSI.  Oaly  those 
particles  vhich  scatter  eaoagh  light  to  bo  detected 
above  the  backgrooad  aoise  level  caa  be  tizaa. 
Whether  or  aot  a  particle  prodacas  a  scatteriag 
slgatl  large  eaoagh  to  be  discriaiaatad  agaiast  the 
background  depeads  oa  tha  size  tad  incidaat 
intaaaity.  Thus  a  PSI  will  'size'  the  particlaa 
usiag  a  ralatlva  aaatoreaant  but  tha  fraduaaey  at 
which  particles  are  ' seaa’  or  couatad  is  biased 
toward  large  particles. 

Another  problea  with  PSI  typo  instronants  it 
tha  linited  applicable  particle  size  range.  It  has 
been  suggested  to  utilize  tha  asiplitada  of  tha 
Doppler  bursts  trem  PSI  instments  to  size 
particles  ia  what  basically  it  a  scatteriag 
crosa-section  ■etsureaeat  approach.  The  incident 


intaaaity  aabigaity  is  then  reintroduced  and  a 
oorractioa  aust  be  Bade.  Those  particles 
traweraing  the  center  of  the  intersection  region 
can  be  discriainated  using  coincideaca  dateetioa 
with  saall  apertars  detectors  or  uaiag  an 
additional,  tightly  focused  pointer  bean. 
Unfortanately  the  latter  approach  aerely  shifts  the 
trajectory  ambiguity  problea  froa  tha  PSI  betas  to 
the  Sanasian  pointer  beam. 


V.  Photoertphic  and  Holotraohic  Methods 

Several  different  iaaging  aethoda  have  been 
used  tor  particle  and  droplet  sizing.  These  rely 
on  a  short  light  paisa  to  'freeze'  tha  particle 
imagea  to  that  direct  aeasuraaents  of  tlza  nay  be 
aada.  In  tha  ease  of  doable  flash  photography  two 
cloaaly  spaced  light  pulses  are  used  to  obtain 
doable  iaaget  of  each  droplet  so  that  velocity  caa 
also  be  dataraiaed.  Single  and  doable  pulse 
holography  have  bean  uead  as  well,  with  the 
advantage  that  a  voleas  of  the  aeroeol  can  be 
captarod  rathar  thaa  tha  United  depth  of  field 
afforded  by  photographic  aathods.  The  problea  with 
both  photographic  tad  holographic  aethoda  is  the 
tcdlont  and  expensive  poet  proce sting  aeedad  to 
extract  the  data.  Also,  quantitative  acaaoreaents 
of  particle  size  diatribatioaa  with  iaagiag 
techniques  are  realistic  oaly  for  particle  sizes 
greater  than  5tia  at  beat. 

Tha  data  proeaaaing  problea  for  pertiele 
photography  hat  been  antoaated  by  Siaaont  and 
Lepers  [58]  aad  Fleeter  et  tl.  [59].  In  tha  Parker 
systea  [58],  a  strobe  light  it  used  to  temporarily 
'bora'  an  iauge  onto  the  a  vidieoa  tube.  The  iaage 
is  sceaaad  to  obtain  drop  size  iaforaatioa  and  then 
araeed,  and  the  cycle  repeated  roaghly  10  tiaaa  pec 
tccoad.  Tha  data  is  proeattad  atiag  appropriate 
coapater  prograat.  Mean  diaaetera,  size 
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Fig.  13  Calculations  for  the  fringe  visibility  V 
as  a  function  of  particle  diaaater  to 
fringe  spaciag  ratio  d/&  for  particle 
sizing  intereferoneters  (PSI).  The  data 
apply  to  a  PSI  collecting  all  of  the 
forward  scattered  light  aad  to  an  off-axis 
PSI  with  aa  f/2  collection  leas  oriented 
at  0  •  20  degrees. 


Mt  ot  llaitatloat  tad  rtagt  of  applicability.  It 
ia  iaparativa  that  the  aobtla  faetora  >feieb  eoatrol 
tbs  aeeazaey  aad  caliability  of  data  obtaiatd  with 
laast/ optical  iaatroassta  bs  oadaratood  by  tbs 
oasr. 

Acbaowlidtfsata 

Tbs  aatbor'i  rsasarcb  ia  optical  particle 
diaiaoatics  has  bssa  {casroasly  sapportad  over  tbs 
past  flvs  years  by  tba  Natioaal  Scieace  F-tondatioa, 
Particalats  sad  Msltipbass  Processes  Oroap,  Dr. 
Uorris  OJalvo.  Prograsi  Director,  aad  by  tbs  Office 
of  Naval  Kssaarch,  Propalsioa  Groap,  Dr.  Albert  D. 
Wood.  Project  Director. 


Fi|.  14  Schsastic  of  iaaiiag  particle  sixiag 
systea  after  Plaster  at  al.  (S91  . 

distribatioaa.  aad  coacaatratloa  iaforaatloa  caa  be 
obtaiasd  at  each  poiat  ia  tbs  spray  [58].  Plsatsr 
at  al.  [59]  atllixa  a  poised  roby  laser  as  showa  la 
Fif.  15  to  illoaiaata  tbs  particles  vbicb  sra 
sabssqoeatly  iaagsd  oato  a  512x512  dioda  array 
solid  state  caaara.  Tba  laaga  is  tbaa  digitixed 
[591  tad  traatfarad  to  a  coapatar  aaaory  for 
prooassiag.  Caolleabarg  [41]  aaalyxas  iadividaal 
particlas  by  projactiag  iatgas  oato  a  liaear 
photodiode  array. 

Oaa  corractloa  factor  raqolrad  la  the  data 
aaalyais  of  iaoobaraat  iatgiag  tachaiqoes  it  tba 
affective  depth  of  field  vs.  droplet  tlxa.  (Large 
particlas  are  visible  over  a  larger  axial  diataaea 
froa  the  exact  object  plaaa  tbaa  saall  particles.) 
This  corractloa  ia  aaalagoat  to  staple  voloae 
correetioas  raqairad  with  SPC  aad  it  aaadatory 
before  osafal  data  caa  be  obtaiasd. 

Photographic  laage  taalytis  is  a  very 
coeveaieat  aethod  of  particle  aad  droplet  tixlag 
oader  cold  flow  cooditioos.  Oaa  liaitatioa  is  the 
typical  resolotioa  Halt  of  tboot  five  aicroaetert. 
Ia  hot  flows  oaa  woold  expect  tabstaatial ly  poorer 
resalts  doe  to  iaage  dlstortioa  by  refractive  iadax 
floctaatloas  in  the  flow.  Parforaaaca  alto  taffera 
ia  applications  where  wiadowt  aast  be  located 
batweaa  the  spray  sad  the  caaara,  particalarly  whea 
the  optical  apertnre  is  liaited.  Ia  t  recent  stndy 
of  optical  Bsthods  for  Diesel  engiae  research,  for 
exaaple,  tbs  threshold  of  site  detection  was  3Siia 
for  high  spaed  photography  aad  Spa  for  holography 
[60] . 

Poised  holography  elialaates  tba  staple  voloae 
correction  reqoired  for  photographic  aethods  tines 
the  the  hologrsas,  which  contain  three  diaeasional 
inforaation,  can  be  observed  in  two-diaensions 
while  the  third  is  scanned.  A  sheaatie  diagraa  of 
a  holographic  systea  is  shown  ia  Fig.  15. 
Qolographic  aethods  for  particle  and  droplet  sirs 
analysis  have  apparently  bsaa  osed  to  observe 
particles  down  to  tboot  Spa  [62,63].  Note  however 
that  the  resolotioa  of  s  holographic  systea  is 
typically  several  aicroaeters  so  that  the  accaracy 
in  siring  toch  saall  particles  is  very  poor. 
Another  problea  eaeooatered  in  particle  holography 
it  parforaaace  degradation  when  the  laser  bsaa 
traataissioa  drops  below  tboot  10%  [64]. 

VL _ Coaclosioas 

Later~btted  techaiqoes  for  noaintrosive 
diagnostics  of  particle  sixe  sad  concentration 
distribotions  have  bean  reviewed.  The  aost  coaaon 
diagnostics  are  iaaging  and  light  scattering 
teehaiqoet,  tad  tach  iastroasnt  has  its  own  oaiqoa 
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Fig.  15  Schsaatic  of  holographic  particle  siring 
systea  after  Chigier  [61]. 
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Abstract 

ECENTLY  (he  ihcorctical  developmcm  of  a  laser-based 
panicle  sizing  velocimeter  (LSV)  was  presented.'  The 
LSV  is  a  non-Doppler  laser  velocimeter  which  determines  two 
velocity  components  and  size  from  scattering  signatures  of 
single  particles  passing  through  two  adjacent,  nominally 
parallel  beams.  Inherent  to  the  LSV  is  use  of  the  single  beam 
transit-time  laser  velocimeter  (LlV)concept.  A  recent  paper, - 
a  summary  of  which  is  presented  herein,  discussed  some  of  the 
practical  aspects  of  using  the  LIV  including  data  acquisi- 
lion/signal  processing  and  presented  some  experimental  data. 

Contents 

LIV  Signal  Processing 

It  has  been  shown that  the  scattering  signature  from  a 
particle  traversing  a  single  TEM,„  mode  laser  beam  can  be 
used  to  determine  the  particle  speed  in  the  plane  normal  to  the 
laser  beam.  This  is  true  for  particles  significantly  (4-lOx) 
smaller  than  the  beam  diameter  at  the  exp(  -  2)  intensity 
points.  The  time  dependence  of  a  scattered  light  signal  S 
generated  by  a  particle  traveling  at  speed  in  the  plane 
normal  to  the  beam  is  given  by 

S(r)=S<,exp(-2(E,  (r-fol/w)^)  (1) 

where  w  is  the  Gaussian  beam  radius  at  the  exp(  -  2)  intensity 
points  and  time  tg  represents  the  center  of  the  Gaussian  peak 
corresponding  to  a  maximum  signal  amplitude  Sg.  Here  w  is 
known  independently  and  is  to  be  determined  from  S(/). 

Analog  signal  processing  methods  have  been  proposed'-’ 
and  utilized  but  our  efforts  have  been  directed  toward  high¬ 
speed  analog  to  digital  (A/D)  conversion  of  the  signal 
followed  by  microprocessor-based  digital  signal  processing 
(DSP).  In  the  discrete  time  domain  Eq.  (I)  becomes 

.S,(f,)=S„exp(-2(f,-/„)-/(w/E  (2) 

and  the  L I V  problem  becomes  one  of  the  estimation  of  signal 
parameters  tg,  Sg,  and  the  pulse  width  wiV ^  from  the 
discrete  samples  S,  at  times  l,.  There  are  several  digital  signal 
processing  methods  applicable  to  this  problem  including  the 
discrete  Fourier  transform  (DFT),  least -squares  curve  fitting 
methods,  and  other  simpler  but  less  accurate  estima- 
tion/reconslruction  algorithms.  High-frequency  noise  on  the 
signal  precludes  simple  digital  peak  sensing/constant-fraciion 
discrimination  algorithms,  and  this  noise  can  be  rejected  by 
least-squares  curve  fitting  or  by  digital  filtering  of  the  DFT 
spectrum.  The  following  logarithmic  least-squares  algorithm 
seems  to  optimize  the  tradeoff  between  processing  speed  and 
accuracy. 

Presented  as  Paper  80-0350  at  the  AlAA  I8ih  Aerospace  Sciences 
Meeting,  Pasadena,  Calif.,  submitted  Feb.  6,  1980;  synoptic  received 
May  22,  1981.  Copyright  ©  Amertcan  Institute  of  Aeronautics  and 
Astronautics.  Inc.,  1980.  All  rights  reserved.  Full  paper  available 
from  AlAA  library.  555  W.  57ih  Street.  New  York.  N  Y.  10019. 
Price:  Microfiche.  $3.00;  hard  copy,  $7.00  Remittance  must  ac¬ 
company  order. 
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Taking  the  natural  log  of  Eq.  (2)  for  linearization  purposes 


e„S,  =  fn.$„  -  2  ( z,  -  Z„  )  •’  /  ( IV/  E  J  ■ 

(3) 

and  expanding  results  in  the  form 

inS,  —  0  b(  1  +  £*/* 

(4) 

where 

a  =  (nSg  -2(/„E^  /w)  ^ 

(5) 

b=  +4l„/ (  Ej^  /IV)  • 

(6) 

c=-2(E^/iv)^ 

(7) 

Minimizing  the  sum-square  error  results  in 

the  system  of 

normal  equations 


Ef-S, 

1 

n 
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EZ.fnS, 
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b 

(8) 

EZffnS, 

Ezf 

zt-; 

Zt* 

c 

where  n  is  the  number  of  samples.  Equation  (8)  can  be  solved 
fora,  b,  and  c  using  Kramer’s  rule  and  in  turn  for  y  tg.  and 
Sg  using  Eqs.  (5-7).  This  algorithm  has  been  implemented 
using  a  Nicolet  digital  oscilloscope  with  sample  rates  to  2 
MHz  (12  bits)  and  to  20  MHz  (8  bits)  in  conjunction  with  a  TI 
9900  16-bit  microcomputer  system.  By  implementing  the  fn 
operations  in  a  ROM  look-up  table  and  calculating  and 
storing  the  elements  and  determinant  of  the  3  x  3  matrix  prior 
to  the  experiment,  the  curve  fit  and  subsequent  estimation  of 
y ^  can  be  completed  using  2n+  10  multiply/divides  plus  a 
square  root.  For  reasonable  values  of  the  number  of  samples 
n  per  Gaussian  peak  an  LIV  throughput  rate  of  10  kHz  is 
attainable  easily  with  present  microelectronic  technology.  For 
a  noncustom  system  using  for  example  a  stand-alone  transient 
digitizer  interfaced  to  a  standard  microcomputer  (without 
parallel  or  multiprocessing)  a  throughput  of  more  than  I  kHz 
is  possible. 

I.IV  Sample  Volume  (  haraclerizalion 

A  primary  concern  for  the  LIV  is  the  need  for  accurate 
characterization  of  the  exp(  -  2)  beam  radius  iv  at  the  optical 
sample  volume.  We  use  a  calibrated  microscope  assembly- 
coupled  with  a  1000  element  linear  photodiode  array  (25  pm 
centers)  mounted  at  the  image  plane  to  perform  beam 
diagnostics.  To  analyze  the  beam  profile,  the  peak  output 
values  from  each  diode  are  digitized  and  fit  to  a  Gaussian 
profile  using  the  logarithmic  least-squares  technique.  The 
curve  fitting  is  performed  by  the  TI  9900  microprocessor 
system  which  controls  the  diode  scan,  the  A/D  conversion, 
transferring  the  data  into  microcomputer  memory,  and, 
finally,  performs  the  curve  fit  calculations.  Beam  diameters 
arc  analyzed  for  several  positions  along  the  laser  beam  (;  axis) 
and  a  least -squares  curve  fit  of  the  axial  data  to  the  predicted 
Livrcntzian  form'  for  »■(;)  near  a  diffraction-limited  TEM,,,, 
laser  beam  waist  is  used  to  estimate  w  at  the  waist.  The  un¬ 
certainty  in  a  single  measurement  of  w  at  one  axial  location 
can  be  IO-20<’’o  in  worst  cases  depending  on  the  beam  quality. 
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Ki|>.  1  Rcliilivr  error  for  e!>limalin|>  the  Gaussian  signal  ssidlh 
parameter  o'  from  n  discrete  diftilal  samples  (within  l/e-^  points!  with 
normalls  distributed  random  noise  contributions.  The  predictions  are 
for  the  indicated  salues  of  rms  noise  to  signal  (amplitude!  ratio  V/.V 
with  least-square  fils  of  Gaussian  curves  to  the  data,  and  assume  a  li¬ 
bit  A  I)  converter. 

diode-to-diodc  response  variations,  and  aberrations  in  the 
objective  system  for  small  beam  waists  (<20  (im).  By 
measuring  the  axial  w(z)  profile  (his  uncertainty  can  be 
decreased  significantly  since  the  measurement  accuracy  is 
belter  in  larger  portions  of  the  beam.  For  l/e-  beam 
diameters  of  roughly  50  gm  or  greater  the  technique  is  ac¬ 
curate  to  about  1  '7o. 

I.IV  Accuracy 

The  tradeoff  necessary  to  have  the  optical  system  simplicity 
of  the  LIV  is  potentially  decreased  accuracy  in  the  velocity 
measurement.  Uncertainties  can  be  introduced  through  the 
beam  radius  w  which  must  be  known  a  priori  or  through 
digital  signal  processing  errors.  For  nonhostile,  optically  thin 
flows  the  uncertainly  in  knowing  iv  at  the  sample  volume  can 
be  made  very  small.  In  more  difficult  measurement  en¬ 
vironments,  for  example  internal  flows  in  turbulent  com¬ 
bustion  systems,  the  value  for  iv  clearly  will  be  less  certain.  In 
those  cases  it  will  probably  be  necessary  to  form  an  "image” 
of  the  waist  on  the  output  side  of  a  two-ended  optical  access 
system  tp  infer  properties  of  the  waist  in  the  sample  volume 
using  Gaussian  beam  optics. '  These  uncertainties  from  w  arc 
important  but  must  be  considered  on  a  casc-by-case  basis.  The 
following  discussion  considers  the  only  DSP  errors  from  the 
Gaussian  curve  fit  algorithm  discussed  previously. 

The  parameters  controlling  the  accuracy  of  the  digital 
Gaussian  curve  fit  algorithm  and,  hence,  of  the  LIV  velsKity 
measurement  include:  the  number  of  A  D  samples  during  a 
Gaussian  peak  n;  the  ratio  of  rms  noise  (high  frequency)  to 
the  peak  amplitude;  and  the  ratio  of  A/D  resolution  or 
digitizing  error  to  the  peak  amplitude.  It  is  well  known  from 
DSP  theory'’  that  the  latter  digitizing  error  is  equivalent  on  an 


rms  basis  to  F/  (2'’  12  ’ )  where  F  is  the  full-scale  signal  value 
and  b  the  number  of  bits  of  A/D  resolution.  This  number  is 
typically  0. 1 1  t^o  or  less  and  is,  in  general,  negligible  compared 
to  other  rms  noise  contributions. 

A  computer  simulation  of  LIV  signal  processing  has  been 
used  to  evaluate  the  accuracy.  Figure  1  indicates  predictions 
of  the  normalized  or  relative  uncertainty  a„/w  for  recon¬ 
structing  a  Gaussian  peak  from  discrete  digital  samples  as  a 
function  of  the  number  of  samples  n  and  the  rms  noisc/signal 
ratio.  The  values  for  o„  were  estimated  by:  1)  assuming  a  set 
of  Gaussian  peak  parameters;  2)  taking  n  A/D  samples  of  the 
assumed  signal  and  perturbing  each  sample  by  adding  a 
random  noise  contribution  using  a  normal  distribution 
random  number  generator;  and,  finally,  3)  applying  the  curve 
fit  algorithm  to  the  signal  +  noise  samples.  The  width 
parameter  of  the  reconstructed  Gaussian  less  the  initially 
assumed  value  is  then  the  error  in  w  (and  velocity)  deter¬ 
mination.  This  process  was  repeated  1000  times  using  dif¬ 
ferent  random  noise  perturbations  for  statistics  of  the  error, 
and  the  standard  deviation  of  these  errors  is  reported  as  o„  in 
Fig.  I .  The  mean  values  of  the  errors  were  effectively  zero  and 
the  data  arc  valid  for  a  12  bit  A/D  converter  with  a  full-scale 
peak  signal  level. 

Figure  1  confirms  what  one  would  expect,  that  the  un¬ 
certainty  in  determining  w  decreases  with  the  number  of 
samples  /t  and  increases  with  the  noise  level.  Three  is  the 
minimum  number  of  samples  required  for  the  three  parameter 
curve  fit.  Increasing  the  number  of  samples  for  a  given 
particle  velocity  involves  higher  speed  A/D  conversion  and 
the  tradeoffs  of  cost,  fewer  bits  of  A/D  resolution,  and  in¬ 
creased  data  analysis  time.  In  the  limit  of  large  n  the  slope  for 
any  noise  level  in  Fig.  1  approaches  -^0.5  which  agrees  with 
classical  statistical  sampling  theory.  The  acceptable  LIV 
uncertainty  would  depend  on  the  turbulence  intensity  levels  of 
interest  since  data  processing  errors  ultimately  appear  as 
velocity  broadening.  Accuracy  comparable  to  that  of  LDV 
seems  attainable  with  the  LIV  concept. 

Acknowledgment 

This  research  was  supported,  in  part,  by  the  Office  of 
Naval  Research. 

References 

'  HirIcman.  E.  D..  "Laver  Technique  fur  Simultaneouv  I'aniele- 
Size  and  Velocity  Measuremciils,"  Oplin  Idler',,  Vol.  .t.  1978,  p.  19. 

-HirIcman.  E.  D..  "Reeeni  Development v  in  Non-Doppler  Laver 
Velocimeiry,”  AIAA  Paper  80-0.(50,  Ian  1980. 

^Rudd.  M.  J..  "Non-Doppler  Melhrtdv  of  (.aver  Veloeimeirv ." 
PrtH'eeilinK',  of  Second  fniernaiionul  \i'ork',hop  on  laser 
I'eloenneirv,  Vol.  II.  edited  h\  W,  H.  Sievenvon  and  D.  Thompvon, 
iriirdue  Unt\ervil>  Prew.  1974,  p,  .(00. 

■'Holve.  D  .1  .  "A  Tranvii -1  iniini;  Technique  for  Velociiv 
(Slownewi  Meavureiiieiiiv."  (r.-tper  8049,  1980  Tall  Meeting  o(  the 
(  irmhuvtioit  Inviiiiiie,  VSeviern  Siaiev  Section,  (let.  1980.  Lnoeiviiv 
ol  Soulliern  C  alilt'lina.  1  ov  -\neelev,  Calil  ;  vuhinitled  itt  Com 
hnsnon  and  /  lame 

'Hirleinan,  T.  1),  and  Sievenvtnt,  W  11.,  "Inienviiv  Diviiibtiiion 
Properiiev  of  a  (laiiwitni  1  ttvei  Beam  Toctiv,"  Applied  Opiies,  \'ol. 
I’.  1978.  p  (496 

'’Gold,  B.  and  Rarltir.  (‘  M,.  Ihviial  Proeessine  of  Sienals, 

MvTira-v  Hill.  New  'r  ork,  1969 


.  REPJ^OtUJCfeaAt-:GOV^«NMgNT  FXPfNSr 


E.  Dan  Hirleman ' 

Particle  Sizing  by  Optical,  Nonimaging 
Techniques 


REFERENCE:  Hieleman.  E.D.,  “Particle  Sizing  by  Optical,  Nonimaging  Tech¬ 
niques,”  Liquid  Panicle  Si:e  Measurement  Techniques,  ASTM  STP  MS.  J.  M.  Tishkoff. 
R  D  Ingebc).  and  J.  B.  Kennedy.  Eds..  American  Society  for  Testing  and  Materials.  1984. 
pp.  3.‘'-60 

AB.SiKACT:  Optical,  nonimaging  techniques  for  sizing  liquid  particles  of  diameters 
greater  than  1  tim  are  reviewed.  Nonimaging  optical  diagnostics  separate  into  two  classes, 
ensemble  or  multi-particle  analyzers  and  single  panicle  counters  (SPC).  A  discussion  and 
analysis  of  the  theoretical  basis,  performance  characteristics,  and  calibration  considerations 
for  the  various  methods  in  each  class  is  presented.  Laser  diffraction  ensemble  techniques, 
crossed-beam  dual-scatter  interferometric  SPC.  and  finally  single  beam  SPC  based  on 
the  measurement  of  partial  light-scattering  cross  sections  of  the  particles  are  considered 
in  detail, 

KE^’  WORDS:  liquid  particles,  particle  sizing,  nonimaging  techniques,  light  scattering, 
optical  techniques 


The  myriad  of  methods  for  sizing  liquid  particles  (droplets)  presents  a  signifi¬ 
cant  problem  for  both  the  potential  user  and  one  trying  to  review  the  technology 
as  well.  The  scope  of  this  paper  includes  optical,  nonimaging  diagnostics  for 
liquid  particles  with  diameters  greater  than  1  /Lim.  These  particle  dimensions  also 
correspond  to  the  nominal  sizing  range  of  photographic  and  ho  ^graphic  imaging 
techniques.  The  reader  is  referred  to  previous  reviews  (/--?)  lor  a  discussion  of 
optical  diagnostic  techniques  outside  the  scope  of  this  paper. 

The  techniques  for  sizing  particles  and  droplets  can  be  divided  into  two  generic 
approaches:  optical  in  situ  (or  in  vivo  to  use  medical  terminology)  methods; 
and  batch  sampling,  with  subsequent  in  vitro  or  external  analysis.  In  the  latter  a 
hopefully  representative  sample  of  the  aerosol  is  extracted  from  the  original 
environment  and  transported  to  a  remote  artificial  site  for  either  on-line  or  off-line 
size  analysis.  Quite  often  a  laser/optical  particle  sizing  instrument  is  used  for  the 
remote  size  analysis.  With  batch  sampling  the  possibility  of  size  segregation  or 
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biasing  in  the  sampling  process  and  condensation,  deposition  or  coagulation  in 
the  sampling  lines  are  always  of  utmost  concern.  In  contrast,  in  situ  methods 
attempt  to  perform  the  sizing  in  place  without  removing  an  aerosol  sample. 

The  significant  advantages  accruing  from  the  nonintrusive  nature  of  in  situ 
methods  must  be  discounted  to  varying  degrees  as  the  measurements  are  gener¬ 
ally  less  direct  and  more  equivocal.  For  example,  a  solid  particle  sample  might 
be  extracted,  analyzed  by  optical  microscopy,  and  then  stored  with  the  possibility 
for  analyzing  it  again  at  a  later  time.  In  contrast  an  in  situ  laser  light-scattering 
single  particle  counter  (SPC)  collects  scattered  light  from  individual  particles 
which  traverse  an  illuminated  optical  sample  volume  in  microseconds.  If  the 
scattered  light  deriving  from  the  particle  is  significantly  larger  than  the  back¬ 
ground  noise  level  during  the  transit  time  across  the  sample  volume  the  sizing 
instrument  will  recognize  it  as  a  particle  and  attempt  a  size  classification  based 
on  the  amplitude  or  the  time  dependence  of  the  scattered  light  signal.  Unfortu¬ 
nately  several  potential  sources  of  error  are  present  since  pulses  at  the  output  of 
a  photodetector  can  derive  from  a  number  of  phenomena  other  than  scattering 
from  particles  or  droplets  in  the  sample  volume.  Despite  some  potential  and 
demonstrated  problems  optical  in  situ  methods  are  desperately  needed  in  those 
applications  where  batch  sampling  techniques  are  impossible  due  either  to  lack 
of  probe  access,  for  example  between  blades  in  a  steam  turbine,  or  due  to 
survivability  problems  as  in  gas  turbine  combustors. 

Laser  optical  methods  for  particle  sizing  can  be  subdivided  into  three  main 
classes: 

1 .  Ensemble  or  multi-particle  techniques. 

2.  Single  particle  counters  (SPC). 

3.  Imaging  techniques,  photographic  or  holographic. 

The  former  two  do  not  involve  the  formation  of  optical  images  of  the  particles  or 
droplets  and  will  be  discussed  here.  For  a  discussion  of  imaging  methods  the 
reader  is  referred  to  the  paper  by  Thompson  |  /  )  in  this  volume. 

Ensemble  techniques  analyze  the  aggregate  effect  that  a  distribution  of  par¬ 
ticles  or  droplets  has  on  incident  laser  radiation.  In  contrast  to  SPC  a  large  number 
of  droplets  are  in  the  optical  sample  volume  at  any  particular  time.  Since  a 
multitude  of  droplet  sizes  contribute  to  the  interaction  of  radiation  with  the 
aerosol,  several  properties  of  the  radiation  exchange  process  must  be  studied  to 
determine  a  droplet  size  distribution.  For  example,  the  attenuation  of  radiation  by 
the  aerosol  as  a  function  of  wavelength  (dispersion  quotient)  might  be  measured 
12].  For  useful  precision  with  these  dispersion  quotient  methods  probe  wave¬ 
lengths  which  bracket  the  size  distribution  of  interest  are  generally  required.  In 
the  case  of  sprays  where  droplet  sizes  may  be  several  hundred  microns  it  be¬ 
comes  very  impractical  to  utilize  such  methods.  Generally  for  sprays  the  light 
scattering  pattern  as  a  function  of  scattering  angle  6  (measured  from  the  forward 
or  light  beam  propagation  direction)  is  utilized  fo»-  ..ize  distribution  mea¬ 
surements.  The  maximum  information  content  of  the  scattering  from  an  ensemble 


Laser 


Detection  Plane  | 

FIG.  1  — Schematic  of  laser  diffraction  particle  sizing  instrument 


of  particles  larger  than  several  microns  is  in  the  near-forward  scattering  angles, 
and  since  the  dominant  contribution  to  forward  scattering  is  diffraction,  laser 
diffraction  techniques  have  become  the  most  common  diagnostic  for  multi¬ 
particle  size  analysis  in  this  size  range.  The  optical  configuration  (less  detector) 
for  a  laser  diffraction  droplet  sizing  instrument  is  shown  in  Fig.  1 .  This  technique 
will  be  described  in  detail  later;  at  this  time  note  that  the  optical  sample  volume 
comprises  the  entire  collimated  beam  between  the  exit  lens  of  the  spatial  filter  and 
the  receiving  lens,  and  the  technique  is  an  ensemble,  line-of-sight  diagnostic. 

Single  particle  counters  serve  a  complementary  purpose  to  ensemble  methods. 
A  generalized  schematic  of  an  SPC  is  given  in  Fig.  2.  In  SPC  the  characteristic 
dimension  of  the  optical  sample  volume  is  made  small  compared  to  the  mean 
particle  spacing  by  using  focused  probe  beams  and  by  optically  limiting  the  axial 
extent  of  the  sample  volume  with  the  detector  field(s)  of  view.  Thus  only  one 
particle  at  a  time  is  present  in  the  optical  sample  volume,  and  these  arc  sized 
individually.  A  statistically  significant  number  of  particles  is  then  analyzed  as  the 
aerosol  flows  through  the  probe  volume.  Either  a  single  beam  or  two  intersecting 
probe  laser  beams  can  be  used,  and  one  advantage  of  Src  over  ensemble  methods 
derives  from  the  fact  that  particle  velocity  can  be  measured  simultaneously  with 
size.  Particle  size  analysis  using  SPC  for  sizes  >1  ^m  has  generally  been  per¬ 
formed  using  one  of  two  light  scattering  properties.  First,  a  partial  light  scattering 
cross  section  can  be  measured  and  related  to  particle  size,  and.  secondly,  the 
phenomenon  of  interference  between  the  two  scattered  waves  produced  by  a 
panicle  traversing  the  intersection  region  of  two  crossed  laser  beams  can  he  used. 
Regardless  of  the  specific  analysis  technique  an  .SPC  must  accomplish  two  things 
in  order  to  measure  a  meaningful  size  distribution.  First  and  rather  obviously, 
those  particles  "seen"  by  the  instrument  must  be  sized  correctly,  and.  second,  all 
particle  sizes  must  either  be  sampled  in  an  unbiased  (with  respect  to  size)  manner 
or  a  correction  for  size-selective  sampling  bias  must  be  made.  In  the  following 
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FIG  2  —  Generalized  schematic  of  a  laser-based  single  panicle  counter. 

paragraphs  a  discussion  of  the  specific  SPC  methods  used  in  particle  sizing 
applications  will  be  presented.  A  recent  and  somewhat  more  comprehensive 
review  directed  solely  toward  SPC  has  been  published  elsewhere  [i). 

The  balance  of  this  paper  addresses  the  theoretical  basis  of  the  laser  diffraction 
and  SPC  techniques  most  commonly  used  for  sizing  liquid  panicles  >1  /am.  In 
addition,  calibration  methods  and  the  absolute  accuracy  of  the  various  techniques 
are  discussed. 


Laser  Diffraction  Particle  Sizing  Techniques 

The  generalized  schematic  of  a  laser  diffraction  droplet  sizing  apparatus  is 
shown  in  Fig.  1.  The  beam  from  a  laser,  typically  a  several  mW  He-Ne  mixlel. 
is  spatially  filtered,  expanded,  and  collimated  to  several  millimetre  diameter  at 
the  \/e‘  intensity  points.  This  collimated  probe  beam  is  directed  through  the 
aerosol  of  interest,  and  the  transmitted  (unscattered)  portion  is  focused  to  a  spot 
at  the  back  focal  plane  of  the  receiving  lens.  Light  scattered  by  particles  in  the 
probe  beam  which  passes  through  the  aperture  of  the  receiving  lens  is  directed  to 
off-axis  points  on  the  observation  or  detection  plane.  A  monodisperse  ensemble 
of  spherical  particles  with  diameter  d  significantly  greater  than  the  wavelength  A 
would  produce  the  characteristic  Airy  diffraction  pattern  shown  in  Fig.  1  as 
described  by  Fraunhofer  diffraction  theory 

where 

=  intensity  incident  on  the  particles  (assumed  constant), 
a  =  ttD/A  the  size  parameter, 

7)  =  first  order  Bessel  function  of  first  kind,  and 

6  =  scattering  angle  measured  from  the  incident  beam  propagation  direction 
A  small  angle  approximation  has  been  invoked  in  Eq  1  by  dropping  sin 
functions  and  the  obliquity  correction.  The  receiving  lens  in  Fig.  1  converts 
angular  scattering  information  into  a  spatial  distribution  at  the  detection  plane  as 
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dictated  by  ^  =  r//  where  r  is  radial  distance  measured  from  the  center  of  the 
diffraction  pattern  and  /is  the  receiving  lens  focal  length.  The  diffraction  signa¬ 
ture  is  independent  of  droplet  position  for  all  scattered  light  which  actually  passes 
through  the  receiving  lens  (that  is,  neglecting  vignetting).  However,  the  fraction 
of  diffracted  light  truncated  by  the  receiving  aperture  is  a  function  of  particle 
position,  and  the  diffracted  light  actually  detected  is  biased  toward  larger  particles 
as  distance  from  the  receiving  lens  increases. 

In  practical  systems  a  distribution  of  droplet  sizes  or  a  polydispersion  is 
generally  encountered.  The  composite  scattered  intensity  profile  is  a  linear 
combination  of  the  characteristic  profile  of  each  droplet  size  with  a  weighting 
coefficient  equal  to  the  number  of  particles  of  that  size  in  the  sample  volume. 
The  diffraction  signature  of  a  polydisperse  spray  is  given  by 


HO)  = 


n(a)l„ 


a*\'  /IJ^iad) 
IbTT'l  a6 


(2) 


where  nia)  da  is  the  number  of  droplets  with  sizes  between  a  and  o  da  and 
the  small  angle  approximation  has  been  made  A  primary  effect  of  broadened  m/c 
distnbution  is  elimination  of  the  contrast  in  the  diffraction  pattern 

A  common  two-parameter  si/e  distnbution  form  which  often  adequately  dc- 
scnbes  liquid  sprays  is  the  Rosin-Rammler  distribution  given  by 


where 

F  =  cumulative  volume  fraction  greater  than  the  particle  diameter  D. 

X  -  mean  diameter  such  that  36.8%  of  volume  is  in  sizes  greater  than  .i,  and 

N  =  width  parameter. 

As  N  increases  the  distribution  becomes  more  monodisperse.  and  typical  tuc! 
nozzles  produce  sprays  with  N  in  the  range  2  to  3.  The  scattering  signatures  /•  <  *  i 
for  Rosin-Rammler  distributions  with  some  representative  parameter  values  are 
plotted  in  Fig.  3. 

The  basic  task  in  laser  diffraction  droplet  sizing  is  to  detect  and  analyze  tlie 
diffraction  signature  l{0),  and  then  mathematically  invert  Bq  2  to  determine 
parameters  of  the  particle  size  distribution.  Chin  et  al  in  1955  [-/J  proposed 
several  detection  techniques,  one  of  which  was  to  traverse  a  pinhole  photo- 
detector  assembly  across  the  diffraction  pattern.  Due  to  the  mechanical  tracersc 
this  detection  approach  requires  a  significant  amount  of  time  to  cover  the  entire 
diffraction  pattern.  Further,  the  large  dynamic  range  of  the  diffraction  signature 
.seen  in  Fig.  3  is  another  difficulty  for  such  systems.  Thus  application  to  transient 
sprays  is  not  very  practical  although  Peters  and  Mellor  [5]  have  reported  dat., 
using  a  multiplexing  technique  that  assumes  the  transient  spray  injection  charac¬ 
teristics  do  not  change  appreciably  between  injections. 

The  advantages  of  real  time  analysis  of  the  entire  diffraction  signature  as 
opposed  to  traversing  a  detector  across  either  the  diffraction  pattern  itself  or  a 
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scattering  ANGlE  {/  (rodions) 

FIG  — Forward  scaiterina  iniensin  siKtiatures  calculated  u.Mn>!  Fraunfuifer  diffraction  ilicor\ 
with  \  -  0  6t2li  ^itn  for  three  Romn  Rammler  particle  size  distnt>utum:i  \  m  the  Rosin  RammIcr 
mean  diameter  \uch  that  S'i  of  the  \olume  ii  in  Mzes  greater  than  X  S  n  a  width  parameter 


phcUojiraphic  image  thereof  are  obvious.  MeSweeney  and  Rivers  [6]  developed 
an  optical  fiber  faceplate  assembly  which  collected  the  diffracted  light  in  a 
number  of  annular  concentric  rings  and  transferred  the  energy  from  each  ring  to 
a  separate  photodetector  using  fiber  optics.  Comillault  [7]  designed  a  rotating 
circular  mask  to  be  placed  at  the  detection  plane  which  had  a  series  of  apertures 
situated  at  various  distances  from  the  center  of  rotation.  The  optical  system  ot 
Wertheimer  et  al  [^]  involved  an  additional  field  lens  behind  a  detection  plane 
mask  which  directed  the  diffracted  light  onto  a  single  stationary  photodetector  A 
second  mask  was  also  used  [^f]  to  effectively  time  multiplex  the  diffraction 
contributions  at  the  various  angles  onto  the  photodetecior.  A  commercial  instru¬ 
ment  based  on  this  concept  is  available  [9]. 

Developments  in  monolithic  solid  state  multi-element  detector  arrays  in  the 
1970s  improved  the  situation  by  allowing  the  entire  diffraction  signature  to  be 
analyzed  instantaneously.  The  detector  designed  by  Recognition  Systems.  Inc. 
[10]  for  parts  recognition  applications  was  utilized  by  Malvern  Instruments  Ltd 
[!J]  in  a  commercial  diffraction  particle  sizing  instrument  based  on  the  work  o! 
Swithenbank  et  al  [/2J.  The  original  circular  detector  [JO]  was  comprised  of  31 
semicircular  annular  ring  detector  elements  on  one  half,  32  wedge  elements  on 
the  other  half,  and  a  small  circular  detector  in  the  center.  The  dimensions  ot  the 


'  c!em'*nr«;  nf  this  detector  are  given  in  Table  1.  Note  the  in- 
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TABLE  I  — Dimenuo/is  of  the  annular  ring  detector  elements 
on  the  Recognition  Systems  Inc.,  Model  WRD  6400  photodiode 
array  /  10/.  These  dimensions  are  virtually  identical  I  within 
0.001  mm)  to  those  for  the  Malvern  Instruments  Ltd.  detector 
as  reported  I S4].  The  only  discrepancy  is  the  inner  radius  of 
Ring  No.  I  which  has  been  reported  /54/  as  0.124  mm.  How¬ 
ever.  the  corresponding  elements  of  the  scattering  matrix  used  in 
the  Malvern  2200  instrument  /II/  are  consistent  with  the  value 
of  0.149  mm  .shown  here.  Note  however  that  the  area  correction 
factors  (ratio  of  photosensitive  area  to  geometric  areal  due 
to  the  conductor  leads  are  different  for  each  element  of 
the  two  detectors 


Detector 

Ring  No 

inner  Radius, 
mm 

Outer  Radius. 

mm 

1 

149 

.218 

2 

254 

.318 

.151 

.417 

4 

452 

.518 

5 

5.54 

625 

6 

660 

.7,17 

7 

.772 

8.56 

8 

.892 

986 

9 

1  021 

1.128 

10 

1  163 

1  285 

II 

1  .121 

1.461 

12 

1.4% 

1 .656 

1.1 

1.692 

1  880 

14 

1.915 

2.131 

l.S 

2.167 

2  416 

16 

2.451 

2.718 

17 

2.774 

.1  101 

18 

1.1.17 

3  51.1 

10 

3  .549 

.1  978 

20 

4  01.1 

4. .501 

21 

4.5.16 

5085 

22 

5  121 

5.738 

2,1 

5.773 

6.469 

24 

6. 505 

7.282 

25 

7.318 

8.184 

26 

8  219 

9.185 

27 

9.220 

10.287 

28 

10. 12.1 

11  .501 

29 

11  537 

12.8.17 

It) 

12.873 

14. 100 

.11 

14  3.16 

15.9(X) 

creasing  thickness  of  the  annular  detector  elements  which,  when  coupled  v.ith 
increasing  circumferential  length,  result  in  a  significant  increase  in  detector  area 
as  radius  increases.  This  effect  compresses  the  dynamic  range  of  the  scattering 
measurements  as  indicated  in  Fig.  4. 

A  number  of  data  processing  methods  have  been  used  to  extract  particle  vi/c 
information  from  measured  diffraction  patterns.  Chin  et  al  [4]  utilised  the  integral 
transform  derivation  of  Titschmarsh  [13]  to  analytically  invert  Fq  2  to  obtain 
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DETECTOR  NO 

H(j  4  —  Forward  scattering  signature  as  indicated  by  relative  outputs  of  the  annular  ring  de- 
lector  geometry  of  Table  I .  The  data  were  calculated  using  Fraunhofer  diffraction  theory  with 
A  -  0  6j2S  pm  for  Rosin-Rammler  particle  size  distributions  w  ith  the  indicated  parameters . 


n(a).  Dobbins  el  al  [14]  somewhat  paradoxically  observed  that  the  diffraction 
Signatures  were  relatively  independent  of  the  form  of  the  droplet  size  distribution 
and  depended  primarily  on  the  volume  to  surface  area  mean  diameter 
(Sauter  mean)  defined  as 


The  authors  [14]  utilized  a  single  parameter  of  the  diffraction  pattern,  the  angle 
at  which  the  scattered  light  is  down  to  10*%  of  the  on  axis  value,  to  determine  Djj- 
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Ml)  5  —  T\pu'ul  filtit  at  sum  si^Mire  error  iSSEi  betvxeen  measured  diffraction  signature  and  that 
..  .  iii'iiii  d  iissuminv  Hosin-Kommler  distributions  with  parameter  values  shown  for  Malvern  2200. 
/'If  S.'./-.  i.i  lulviiiuicd  ojitr  normalising  the  relative  detector  outputs  to  a  maximum  of  2047. 


» 


Cjthers  l/5,/6j  have  since  mcKlified  slightly  this  approach  and  it  is  still  in  use 
today. 

Swiihenbank  et  al  j/J]  analyzed  the  diffracted  pattern  with  the  annular  ring 
detector  just  discussed  and  subsequently  did  a  numerical  inversion  (as  opposed 
to  liUegral  transform)  of  a  discretized  form  of  Eq  2  to  obtain  the  volume  distribu- 
Ill'll  in  7  discrete  size  bins.  There  were  some  problems  with  that  approach,  and 
the  authors  [  /2 1  also  assumed  that  the  size  distribution  was  of  the  Rosin-Rammler 
torni  of  Eq  3  and  estimated  the  two  parameters.  The  early  commercial  instru- 
iiienis  of  Malvern  Instruments  Ltd.  1//)  adopted  the  same  data  processing  algo- 
riih'.n  w  here  the  .v  and  /V  parameter  values  which  produced  the  best  least  squares 
tit  between  the  measured  and  calculated  diffraction  pattern  were  determined.  An 
example  of  the  error  surface  for  a  calibration  run  from  the  present  study  on  a 
Malvern  22(X)  instrument  is  given  in  Fig.  5.  For  each  value  of  jc  and  N  the 
annular  detector  scattering  signature  predicted  from  the  Rosin-Rammler  distribu¬ 
tion  was  compared  with  the  measured  scattering  signals  at  each  of  15  detector 
pans  and  the  sum  square  error  calculated.  This  was  repeated  for  the  range  of 
parameter  values  indicated  in  Fig.  5,  and  the  values  3c  =  56  and  A  =  2.04  were 
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TABLt  2  — Sire  class  limiis  fur  Malvern  2200 
laser  diffracittin  particle  si:tni(  instrument 
with  300  mm  focal  length  receising  lens 


.Si/.e  Class  No. 

Lower  Size 
Limit,  pm 

Upper  Size 

Limit,  pm 

1 

5  8 

7  2 

7.2 

9  1 

3 

9  1 

11.4 

4 

114 

14  5 

5 

14  5 

18  5 

ft 

18.5 

23.7 

7 

23.7 

.30  3 

» 

30.3 

39  0 

4 

39  0 

.SI)  2 

HI 

50  2 

ft4  ft 

11 

M  ft 

84  3 

i: 

84  3 

112  8 

13 

112  8 

lftO.4 

14 

IftO  4 

2ftl  ft 

l-S 

2ftl  ft 

564.0 

found  to  mininii/0  the  error.  Note  that  the  scattering  data  are  normalized  to  a 
maximum  value  of  2047  (//]  and  minimum  log  eaor  in  Fig.  5  was  4.3H.  Recent 
developments  in  "model  independent”  software  1//)  do  not  require  an  assumption 
of  the  fonn  of  the  size  distribution  but  provide  a  15  parameter  least  squares  fit  to 
the  scattering  data  using  the  15  discrete  size  bins  of  Table  1 . 

One  unfonunate  property  of  the  Malvern  instruments  is  the  poor  resolution  for 
the  large  particle  sizes  as  shown  in  Table  2.  The  size  limits  in  Table  2  arc 
determined  \II.I2  \  by  the  detector  geometry  of  Table  1  and  the  property  that  a 
given  particle  size  a  has  a  maximum  in  the  function  I{f3)6  (the  so-called  "energ\ 
distribution"  1/2])  at  aO  -  1 .357.  To  improve  the  resolution  in  Table  2  for  large 
particles  would  require  a  redesign  of  the  detector. 

A  series  of  papers  [/7-I9\  have  focused  on  the  integral  transform  suggested 
by  Chin  et  al  (4).  One  problem  w  ith  inverting  Fq  2  is  the  fact  that  the  diffracted 
intensity  /( 0)  can  be  measured  only  for  a  finite  range  of  scattering  angle'',  and  the 
inversion  integral  is  truncated.  The  authors  [/Z-  79]  have  addressed  some  ot  the 
theoretical  and  experimental  problems  in  this  general  inversion  approach 

In  practical  applications  of  laser  diffraction  particle  sizing,  two  phein'memi 
often  lead  to  erronevius  results.  First,  if  either  the  particle  number  density  or  the 
optical  path  length  become  too  large  multiple  scattering  becomes  impoiiani  and 
Fraunhofer  diffraction  theory  no  longer  applies.  The  importance  of  multiple 
scattering  effects  is  indicated  by  the  obscuration  or  attenuation  of  the  incuicni 
laser  beam.  The  second  problem  arises  in  systems  with  refractive  index  gradients 
due  to  evaporation  or  thermal  gradients  present,  for  example,  in  combusting 
sprays.  In  this  situation  significant  steering  of  the  probe  laser  beam  can  occur 
causing  the  diffraction  pattern  to  shift  off-center  at  the  detection  plane  and 
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thereby  invalidating  the  scattering  data  for  the  smallest  angles,  in  order  to  extract 
meaningful  data  under  either  of  these  conditions  it  is  necessary  to  first  detect 
the  problem  and  then  hopefully  correct  the  data  accordingly.  The  calibration 
reticles  discussed  below  offer  the  potential  for  on-line  detection  and  correction 
tor  these  effects. 


Laser/Optical  Single  Particle  Counters  (SPC) 

A  generalized  schematic  of  an  optical  SPC  is  presented  in  Fig.  2.  The  output 
beam  from  a  laser  or  other  source  of  radiation  is  directed  (and  typically  focused) 
into  the  optical  sample  volume.  This  sample  or  probe  volume  can  be  thought  of 
as  that  region  of  space  where  a  single  particle  can  generate  a  sufficient  detector 
signal  to  be  discriminated  or  “seen”  over  the  background  noise.  As  individual 
particles  pass  through  the  sample  volume  they  interact  with  the  incident  radiation 
beam  (that  is,  scatter,  absorb,  or  tluoresce  light  or  all  three)  and  are  observed  by 
detection  optics  oriented  at  some  angle(s)  0  with  respect  to  the  beam  propagation 
direction.  The  single  particle  signal  obtained  at  the  photodetectori  s)  are  processed 
to  provide  information  on  the  si/e  of  each  particle. 

/jg/ir-.S't  dt/i’n/n,'  Cross-Section  Measurini^  Techniques 

The  most  common  approach  to  panicle  sizing  in  the  range  of  interest  here 
involves  the  principle  that  the  magnitude  is  a  nominally  monotonic  increasing 
function  of  particle  size;  hence,  measurement  of  a  scattering  cross  section  can  be 
used  to  infer  particle  size.  The  SHC  signal  response  S  to  a  particle  in  an  incident 
radiation  field  (uniform  over  (he  particle)  of  intensity  is  given  by 

•S'  =  kT,C.  (5) 

where 

k  -  svsteni  gam  m  transducing  radiant  energy  to  voltage  using  a  photodetec¬ 
tor.  and 

C,  --  appropriate  partial  light-scattering  cross  section  for  the  radiation  process 
under  study. 

Ihe  partial  cross  sections,  as  opp<rscd  to  total  light-scattering  cross  sections, 
depend  on  the  specific  finite  aperture  detector  configuration  in  use.  For  light 
'■caitering  and  extinction  by  spherical  particles  the  cross  sections  are  functions 
uf  the  particle  diameter  D.  the  complex  refractive  index  n.  and  the  radiation 
wavelength  A  as  predicted  by  the  Lorenz-Mie  theory  12].  Thus,  a  response 
Junction  SiD)  relating  measured  signal  levels  to  the  diameters  of  spherical  par¬ 
ticle''  of  known  refractive  index  passing  through  a  SPC  sample  volume  of  known 
incident  intensity  /„„  and  given  k  can  be  determined  from  theoretical  calculations 
of  CiD). 

plot  I'f  partial  light-scattering  cross  section  for  spherical  particles  illuminated 
bv  a  tohereni  uniphase  wave  calculated  using  a  Lorenz-Mie  theory'  computer 
code  12 1  IS  given  m  Fig.  6.  The  calculations  are  for  an  off-axis // 1 .96  collection 
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1  l(j  fi  Huitiitl  lif^hl  Mulffrinn;  cross  scclions  fur  sphcncal  partulcs  vsilh  refructne  index 
n  /  li'i  i.ii  1  i  VA  reieistus;  lens  oriented  for  10  dea  off  axis  collection  in  the  plane  normal  to 
:hi  dirci  inni  tit  piilari:aiion  of  the  incident  beam.  The  Mte  theors  calculations  used  \  -  0.6f2H  pm 

lcn^  centered  d{  0  -  10*^  from  the  incident  radiation  propagation  direction  (for¬ 
ward  scattering).  Ihe  oscillatory'  nature  of  the  plot  is  a  result  of  resonance 
interactions  in  the  scattering  process  and  results  in  ambiguities  in  particle  size 
deternunation  Another  problem  inherent  in  using  the  laser  as  a  SPC  radiation 
source  is  (he  ntrnuniform  intensity  profile  across  the  beam  f?).  Unfonunately,  an 
ambiguity  in  signal  levels  arises  for  in  situ  SPC  since  the  particles  are  free  to 
traserse  the  sample  volume  at  any  position.  Thus,  particles  will  experience 
dilierent  peak  incident  intensities  /,„,  depending  on  the  trajectory'  and  even  a 
rnonodisperse  (uniform  size)  aerosol  will  generate  a  broad  distribution  of  signal 
amplitudes  S 

A  number  ot  methods  have  been  devised  to  eliminate  the  unknown  incident 
intensity  ettect  in  cross  section  measuring  techniques.  The  basic  approaches 
include  ( 1 )  analy  sis  of  only  those  particles  which  pass  through  a  selected  portion 
of  the  beam  of  known  and  constant  intensity,  (2)  analysis  of  all  panicles  and  later 
correction  of  the  distribution  of  particle  trajectories  and  corresponding  incident 
miensuies.  (3)  use  of  the  ratio  of  scattering  signals  at  two  or  more  angles  to 
cancel  the  incident  intensity  effect.  The  ratio  technique,  which  has  been  reviewed 
elsewhere  13,2^1.291,  is  difficult  to  apply  for  particles  larger  than  several  micro¬ 
meters  and  will  not  be  discussed  here.  The  early  laser  light-scattering  SPC  of 
Heyder  et  al  |2f)|  aerodynamically  focused  the  aerosol  sample  through  a  small 
region  ai  the  center  of  the  laser  beam  of  known  and  constant  intensity.  For  in  situ 
measurements  various  optical  methods  of  discriminating  those  particles  which 
pass  through  a  control  portion  of  the  beam  have  been  used,  including  coincidence 
detectors  at  90°  by  Hirleman  |2/1  and  Chigier  et  al  [22]  and  in  the  forward 
direction  by  Knollenberg  123]. 

.■\  second  general  approach  to  the  ambiguous  incident  intensity  problem  is  to 
correct  after  the  fact.  One  implementation  of  this  approach  demonstrated  by 
Holve  and  Sell  12*^]  is  to  first  consider  the  peak  signal  height  di.stribution  gener¬ 
ated  by  particles  of  one  size  passing  with  equal  probability  through  all  portions 
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of  the  laser  beam  focus  region.  The  signal  height  distribution  from  a  poly- 
dispersion  is  then  a  linear  combination  or  the  monodisperse  particle  response 
distributions.  A  numerical  scheme  was  developed  [24]  to  invert  the  resulting 
sLsteni  of  equations  and  solve  for  the  linear  coefficients  which  are  proportional 
to  concentrations  in  the  discreti/ed  particle  size  inter,  als. 

.Another  somewhat  similar  approach  proposed  by  Hirleman  125]  involves  the 
use  of  signals  generated  by  particles  traversing  two  adjacent  laser  beams.  The 
dual  peak,  signature  is  used  to  determine  two  velocity  components  and  the  tra- 
jectorv  of  each  particle.  Given  known  laser  beam  properties  the  incident  intensity 
historv  for  a  particle  is  then  completely  determined  which  permits  a  real-time 
correction  for  the  intensity  ambiguity.  After in  Eq  5  is  determined  a  calibrated 
response  function  prediction  such  as  Fig.  2  would  be  used  to  relate  signal  ampli¬ 
tude  to  particle  size.  This  technique  125]  has  been  proposed  for  light-scattering, 
'•xtinction,  and  fluorescence  cross-.section  measurements  although  experiments 
to  date  have  used  only  light  scattering. 

Panicle  Sizing  Interferometry' 

.Another  approach  which  can  provide  particle  size  information  independent  of 
incident  intensity  is  particle  sizing  interferometry  (PSD.  As  a  single  particle 
passes  through  the  intersection  region  of  two  nonparallel  laser  beams,  Doppler- 
shifted  scattered  light  waves  from  each  beam  emanate  from  the  particle.  Hetero¬ 
dyning  the  two  contributions  of  scattered  light  at  a  detector  will  produce  the 
Doppler-difference  frequency  which  is  directly  related  to  the  particle  velocity  and 
the  angle  between  the  la.ser  beam  propagation  vectors.  This  principle  underlies 
the  laser  Doppler  velocimeter  (LDV).  A  particle  crossing  the  LDV  beam  inter¬ 
section  region  will  produce  an  approximately  Gaussian  signal  (pedestal)  with  the 
nuxlulated  Doppler-difference  component  written  on  the  pedestal  (JOj.  The  ratio 
of  the  modulated  signal  amplitude  to  the  pedestal  amplitude  (that  is,  the  visibility 
or  contrast)  provides  a  measure  of  particle  size  as  shown  in  Farmer  [30]  and 
others  [31 ,32]  who  used  a  scalar  description  of  the  process.  For  large  apertures 
which  collect  all  of  the  forward  scattered  (diffracted)  light  the  visibility  F  as  a 
function  or  particle  diameter  D  and  fringe  spacing  8  was  shown  by  Robinson  and 
Chu  |52]  to  be 


2J,{ttD/8) 

ttD/8 


(6) 


■A  plot  of  V  is  given  in  Fig.  7. 

Calculations  considering  the  complete  problem  of  scattering  by  a  sphere  simul¬ 
taneously  in  two  coherent,  collimated  laser  beams  (.G|  predicted  a  strong  de¬ 
pendence  of  the  visibility  on  panicle  refractive  index,  the  detector  aperture,  and 
detector  position  relative  to  the  beams.  A  number  of  experimental  studies  have 
confirmed  the  importance  of  careful  receiving  optics  design  155,34]  although 
conflicting  observations  have  also  been  made  [55]. 
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KKi  —  CaUululums  for  the  frini(e  visihilils  V  as  a  function  of  panicle  diameter  infringe  .spacini; 
ration  d  6  tor  partule  si:ini;  intereferometers  (PSIi  The  data  apple  to  a  PSI  collecting  all  of  the 
Joruard  Si.  altered  lieht  and  to  an  off -axis  PSI  w  ith  an  1/2  collection  lens  oriented  at  0  =  20  deit 


Another  related  approach  is  the  off-axis  PSI  proposed  by  Bachalo  [36]  which 
uiili/es  the  interference  of  refracted  or  reflected  light-scattering  contributions 
rather  than  the  diffractive  scatter  of  a  conventional  PSI  |30).  This  method  is 
applicable  to  particles  significantly  larger  than  the  wavelength  and  is  based  on  the 
difference  in  optical  path  length  traveled  by  refracted  rays  from  the  two  crossed 
beams  which  pass  through  the  particle  and  arrive  coincidently  at  the  detector.  The 
\isibility  response  function  for  a  commercial  [37\  off-axis  PSI  with  a  collection 
angle  1-^61  of  20"’  is  also  shown  in  Fig.  7,  and  the  expanded  D/8  sizing  range  for 
this  concept  is  apparent. 

One  problem  with  PSI  type  instruments  is  the  limited  applicable  particle  size 
range.  It  has  been  suggested  to  utilize  the  amplitude  of  the  Doppler  bursts  from 
PSI  instruments  to  size  particles  in  what  basically  is  a  scattering  cross  section 
measurement  approach.  The  incident  intensity  ambiguity  is  then  reintroduced  and 
a  correction  must  be  made.  Those  particles  traversing  the  center  of  the  inter¬ 
section  region  can  be  disenminated  using  coincidence  detection  with  small  aper¬ 
ture  detectors  or  using  an  additional,  tightly  focused  pointer  beam.  Unfortunately 
the  latter  approach  merely  shifts  the  trajectory  ambiguity  problem  from  the  PSI 
beams  to  the  Gaussian  pointer  beam. 

Calibration 

Optical  nonimaging  techniques  for  mca.-.uring  droplet  sizes  are  inherently  in¬ 
direct  and  without  exception  require  calibration  in  some  form.  As  the  terms 
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calibrate  or  calibration  can  be  somewhat  ambiguous  we  quote  the  three  applicable 
definitions  from  the  ASTM  Standards  Compilation  [40\. 

1  Calibrate  —  General  —  to  detennine  the  indication  or  output  of  a  measuring 
dc\  ice  with  respect  to  that  of  a  standard. 

2.  Calibration — Determination  of  the  values  of  the  significant  parameters 
by  comparison  with  values  indicated  by  a  reference  instrument  or  by  a  set  of 
reference  standards. 

3.  Calibration  — The  process  of  comparing  a  standard  or  instrument  with  one 
of  greater  accuracy  (smaller  uncenainty)  for  the  purpose  of  obtaining  quantitative 
estimates  of  the  actual  value  of  the  standard  being  calibrated,  the  deviation  of  the 
actual  value  from  a  nominal  value,  or  the  difference  between  the  value  indicated 
by  an  instrument  and  the  actual  value.  These  differences  are  usually  tabulated  in 
a  "Table  of  Corrections”  which  apply  to  that  particular  standard  or  instrument. 

Now’  to  define  the  term  introduced  previously  we  refer  to  the  same  source  [40\. 

1.  Calibration  Standard  —  Any  of  the  standards  of  various  types  having  ac¬ 
cepted  parameters.  The  calibration  standard  may  be  used  to  adjust  the  sensitivity 
setting  of  test  instruments  at  some  predetermined  level  and  for  periodic  checks 
of  the  sensitivity. 

Now  there  are  a  number  of  unknowns  and  uncertainties  in  optical,  nonimaging 
particle  sizing  instruments  including  relative  detector  sensitivities  in  multiple 
detector  instruments,  absolute  detector  sensitivities  in  single  detector  SPC,  and 
the  background  noise  level  which  determines  the  lower  threshold  or  sizing  limit 
of  the  instrument,  to  name  but  a  few.  Since  these  are  generally  very  difficult  if 
not  impossible  to  quantify  independently,  calibration  with  particles  of  known  size 
is  the  necessary  approach. 

Single  particle  counters  mu.st  perform  two  operations  correctly.  (1)  sizing  of 
particles  in  the  sample  volume,  and  (2)  counting  of  particles  in  an  unbiased 
manner  to  provide  valid  concentration  data.  Thus,  primary  calibration  of  a  single 
particle  counter  requires  both  size  and  concentration  calibration  standards,  the 
latter  of  which  appears  to  be  often  overlotiked.  Ensemble  analyzers  have  some¬ 
what  different  requirements  as  concentration  calibration  is  less  critical.  Finally, 
imaging  techniques  are  relatively  easy  to  calibrate  for  size  determination,  but  it 
is  considerably  more  difficult  to  account  for  sample  volume  effects  due  to  depth- 
of-field  variations  with  particle  size. 

The  fundamental  problem  in  calibration  is  the  generation  of  montxlisperse, 
spherical  particles  or  droplets  of  known  and  preferably  controllable  size  and 
concentration.  As  an  alternative,  one  might  utilize  a  polydisperse  particle  system 
of  known  concentration  and  size  distribution  as  a  primary  calibration  standard  for 
droplet  sizing  instruments.  Unfortunately,  in  the  words  of  an  ASTM  Standard 
Test  Method  for  particle  sizing  and  from  the  experience  of  this  author  and 
countless  other  researchers,  there  is  no  totally  acceptable  particle  size  and 
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conceniration  standard  available.  There  are  however  some  possibilities  which 
include; 

1  Folwsixrene  Laiex  Spheres  —  These  polystyrene  spheres  are  generally  very 
nionodisjxTse  lor  sizes  below  about  5  /Ltm  (0.1%  relative  standard  deviation 
typiLXili  but  have  significantly  broader  distributions  tor  larger  sizes.  Polystyrene 
^pheres  are  subject  to  size  changes  with  age  and  steps  must  be  taken  to  prevent 
agglomeration.  Polystyrene  spheres  larger  than  about  5  ^im  cannot  be  reliably 
atomized  and  must  be  used  in  suspension  which  requires  a  mechanical  pumping 
or  stirring  system  [42\.  Polystyrene  spheres  are  commercially  available  [d.?]. 

2  Gluss  Mu  rospheres  —  Distributions  of  glass  microspheres  are  commonly 
Used  as  sedimentation  standards  and  in  other  industrial  applications.  A  sample  of 
these  spheres  could  be  size  analyzed  using  a  calibrated  imaging  system,  and  then 
111  turn  Used  to  calibrate  SPC  or  ensemble  analyzing  optical  instruments.  These 
imcrospheres  have  been  utilized  for  calibration  while  attached  to  glass  slides  [^1] 
and  in  liquid  ^'ispension  as  well  [42],  The  difficulties  of  differential  settling, 
deposition,  and  differential  separation  in  flow  systems  and  associated  problems 
m  reproducibility  make  glass  microspheres  in  suspension  a  very  poor  candidate 
as  a  pnmar>  calibration  standard.  Glass  microspheres  deposited  on  a  glass  slide 
w  ould  appear  better  suited,  but  the  difficulties  of  manufacturing  calibration  slides 
with  thousands  of  glass  spheres  of  identical  sizes  and  positions  are  formidable. 

.T  Photomask  Calibration  Reticles  —  An  interesting  property  of  light  scatter¬ 
ing  is  that  near-forward  scattering  or  diffraction  signatures  from  spherical  par- 
iicles.  opaque  disks,  and  circular  apertures  of  the  same  diameter  are  equivalent. 
rim>  It  has  been  suggested  that  carefully  designed  arrays  of  circular  apertures 
piiotixiched  into  a  chrome  on  glass  substrate  be  used  to  calibrate  optical  non- 
'.magmg  instruments  which  utilize  diffractively  scattered  light  or  optical  imaging. 
These  calibration  reticles,  which  [44,45]  have  been  used  successfully  in  both 
i;,[H;s  of  instruments,  provide  a  stable,  practical,  and  highly  reproducible  cali¬ 
bration  standard.  Unfortunately  the  reticles  cannot  be  used  to  calibrate  systems 
which  utilize  retlective  or  refractive  (off-axis)  scattering.  The  applicability  of 
reticles  for  calibrating  instruments  for  particle  sizes  below  several  microns  is 
questionable. 

4  Droplet  Generators  —  Mechanical  approaches  for  generating  a  stream  or  a 
cloud  ol  nearly  monodisperse  droplets  involve  the  systematic  breakup  of  cylindri¬ 
cal  or  planar  liquid  jets.  The  natural  frequencies  or  instabilities  of  the  cylindrical 
jetv  are  sv  nchronously  excited  using  a  piezoelectric  crystal  to  break  the  liquid 
stream  into  a  series  of  droplets  of  constant  diameter  (to  within  typically  1% ).  This 
concept  has  been  exploited  using  a  jei  forced  through  an  orifice  in  a  vibrating  thin 
plate  \46.47\  and  a  syringe  jet  The  vibrating  orifice  technique  [46,47]  is 
theoretically  capable  of  producing  droplets  ranging  from  10  /xm  to  about 
150  pm.  and  syringe  jets  have  reported  [4H\  to  be  capable  of  generating  droplets 
in  the  15  to  5(X)  pm  diameter  size  range.  Spinning  di.sk  droplet  generators  have 
been  also  utilized  but  generally  are  limited  to  relatively  small  droplets.  Un- 
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fortunately  there  have  apparently  been  no  developments  which  allow  genera¬ 
tion  of  specified  distributions  of  droplet  sizes  as  would  be  useful  for  the  cali¬ 
bration  of  ensemble  scattering  instruments.  The  possibility  of  utilizing  a  vibrating 
plate  with  an  array  of  orifice  sizes  to  generate  controlled  droplet  size  distribu¬ 
tions  has  been  discussed,  although  this  author  is  not  aware  of  published  results 
on  this  approach. 

Droplet  generators  based  on  the  breakup  of  cylindrical  liquid  jets  can  theo¬ 
retically  be  used  to  calibrate  both  single  particle  and  ensemble  analyzers  For 
SPC  the  optical  sample  volume  has  been  placed  very  near  the  jet  breakup  point 
to  provide  a  spatially  constrained  stream  of  droplets  with  constant  size  and 
velocity.  In  this  way  it  is  possible  to  map  out  the  SPC  response  as  a  function  of 
droplet  trajectory  and  size.  Although  this  mapping  exercise  would  satisfy  both  the 
size  and  concentration  calibration  requirements,  most  instrument  manufacturers 
using  this  technique  have  only  reported  results  obtained  by  directing  the  droplet 
stream  through  the  center  of  the  sample  volume  which  constitutes  only  a  size 
calibration.  The  potential  for  droplet  deposition  and  coagulation  introduce  some 
uncertainties  into  the  concentration  calibration. 

Another  powerful  calibration  application  would  be  to  disperse  monodisperse 
droplets  of  low  vapor  pressure  by  diluting  the  stream  with  known  and  controlled 
amounts  of  air  to  generate  practical  2-D  flows  with  monodisperse  droplets  of 
known  concentration.  This  flow  stream  could  then  be  used  to  calibrate  either  SPC 
or  ensemble  instruments.  Unfortunately  the  very  low  droplet  concentrations  pro¬ 
duced  by  these  generators  make  calibration  of  laser  diffraction  instruments  rather 
impractical.  Some  problems  with  jet  breakup  droplet  generators  concern  ques¬ 
tions  about  long  tenn  droplet  size  stability,  the  susceptability  to  orifice  clogging, 
and  difficulty  in  day-to-day  reproducibility  of  stable  operation  conditions. 

5.  Polydisperse  Sprays  —  A  final  approach  to  droplet  size  calibration  is  to 
standardize  on  a  particular  spray  nozzle  or  other  spray  source.  Presumably  manu¬ 
facturing  tolerances  could  be  maintained  so  that  the  spray  characteristics  could  be 
at  least  as  good  as  the  instrumentation.  This  concept  has  been  tested  with  mixed 
success  by  the  ASTM  Subcommittee  E29.04  on  Droplet  Sizing.  Problems  con¬ 
cerned  with  the  liquid  supply  system  reproducibility  and  test  position  definition 
must  be  addressed  in  the  future. 

SPC  Calibration 

As  an  example  of  SPC  calibration  some  work  performed  by  this  author  and 
co-workers  on  the  Multiple  Ratio  Single  Particle  Counter  (MRSPC)  will  be 
discussed.  Calibration  studies  by  numerous  other  researchers  could  have  been 
discussed  as  well  (see  for  example  (241  and  (27])  but  are  not  in  the  interest  of 
brevitv. 

The  details  of  the  MRSPC  have  been  exhaustively  covered  elsewhere  IJ,2(S1. 
for  our  purposes  here  it  is  an  instrument  in  the  general  form  of  Fig.  2  but  with 
multiple  detectors.  A  fiKused  laser  beam  of  typically  50  to  200  /im  diameter  is 
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f-l(i  ^  Schematic  of  90  decrees  white  Imcohereni)  light  particle  counter. 


i  ^d  lo  illuminate  individual  particles.  The  ratios  of  scattered  light  signals  at  three 
i:  more  detectors  oriented  in  the  near-forward  direction  are  used  to  determine 
'a.Ticle  si/e.b  in  the  nominal  range  0. 1  to  10  /cm.  Since  incident  laser  beam  has 
.  Gaussian  radial  intensity  profile  which  drops  off  well  inside  the  detector  fields 
i  ^  ;ew,  the  optical  sample  volume  is  a  function  of  particle  size.  A  large  droplet 
V  S'lng  through  the  shoulder  of  the  Gaussian  beam  may  still  scatter  enough  light 
a)  be  detected  above  the  noise,  but  a  significantly  smaller  particle  must  pass 
mrough  the  very  center  of  the  Gaussian  intensity  peak  to  be  detected  over  the 
^Jme  noise  level.  For  this  reason  SPC  typically  have  a  bias  toward  large  particle 
-i/es.  that  is.  since  the  optical  probe  volume  is  larger  for  large  particles  they  are 
j-relerentially  sampled.  This  size-selective  sampling  bias  can  be  predicted  ana- 
iviicaily,  but  it  was  necessary  to  perform  some  concentration  calibrations  to 
'  alldate  the  model. 

The  MRSPC  calibration  was  performed  using  polystyrene  microspheres  which 
uere  atomized  from  a  dilute  ethanol  suspension  and  then  dried  before  passing 
through  the  sample  volume.  Size  calibration  was  done  using  the  polystyrene 
panicle  sizes  provided  by  the  manufacturer,  but  concentration  calibration  was  a 
problem  as  a  significant  but  unknown  fraction  of  the  particles  in  the  solution 
never  reached  the  sample  volume  due  to  deposition  or  other  losses.  For  that 
reason  it  w  as  necessary  to  design  an  independent  sizing  instrument  to  characterize 
the  size-selective  sampling  bias.  This  was  done  by  overlapping  the  sample  vol¬ 
umes  from  the  scattering  white-light  particle  counter  shown  in  Fig.  8  and  the 
MRSPC.  The  intensity  profile  at  the  optical  sample  volume  of  the  90°  white-light 
particle  counter  is  shown  in  Fig.  9.  The  approximately  “tophat”  profile  eliminates 
the  incident  intensity  ambiguity  for  all  but  the  edges  of  the  sample  volume  which 
comprised  a  relatively  small  portion  of  the  cross  section.  Thus  the  90°  SPC 
provided  an  on-line  measurement  of  absolute  concentration  of  the  particles  used 
to  calibrate  the  .MRSPC.  Data  for  the  sensitive  area  (projection  of  the  sample 
Milume)  of  the  .MRSPC  arc  given  in  Fig.  10,  where  experiment  and  theory  agree 
reasonably  well.  Unfortunately  the  sensitivity  of  the  90°  counter  was  not  suf- 
f  cicnt  to  permit  concentration  calibration  for  particles  sizes  smaller  than 
1011  yum  This  experiment  provided  both  the  size  and  concentration  calibrations 
nwessary  to  validate  all  single  particle  counting  and  instruments. 
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Calthralion  of  Laser  Diffraction  Instruments 

We  consider  here  laser  diffraction  instruments  which  utilize  nuiltiplc  det.\:  ■ 
elements  to  measure  the  diffractum  pattern  including  commercial  mstrumcr  t'  i'\ 
CILAS  150).  Malvern  Instruments  Ltd  |/5|,  and  Leeds  and  Ni'nhrup  l^i  li  ii 
been  incorrectly  stated  by  some  manufacturers  that  laser  diftraction  mstnii'K-r,’ 
need  no  calibration.  This  statement  is  true  onl>  for  instruments  which  traverse  ’ 
single  detector  across  the  diffraction  pattern,  but  even  then  it  is  rather  ill-ad'.  .. 
to  trust  data  from  an  instrument  whose  performance  has  never  been  vcrilicd  \S  i.li 
respiect  to  the  commercial  instruments  which  have  detector  arra\^  the  siatei.  c-n 
concerning  unnecessary  calibration  is  mci)rTect  Clearly  ans  variation  r;  ::  . 
detector  responsivities  or  pre-ampiifier  gams  will  change  the  measured  seat  ji; 
signature,  and  there  is  no  rational  lustification  fivr  assuming  a  pnun  tiiat  (iie  ■ 
quantities  are  constant.  Lven  manulacturers  of  solid-state  photodiode 
specify  ±  lOCf  variation  m  responsivity  between  deteclim  elements  on  a  n a  n 
lithic  array  l/fL5/|.  Further,  the  potential  problems  of  detectvtr  contamm,,tion. 
optical  element  contamination,  thermal  degradation,  and  ampliticr  dritt  stvaild 
not  be  ignored.  A  laser  diffraction  instrument  user  should  request  calibration  d.a:.t 
from  the  manufacturer  and  penodically  verify  the  instrument  pcrtormantc  using 
one  of  the  secondary  calibration  techniques  just  discussed. 

Most  users  have  tried  one  or  more  of  these  calibration  methods  to  \ent\  tlu 
performance  of  laser  diffraction  particle  sizing  instruments  Published  data  com 

4  3SN3dXd  lN3WNb3AOO  IV  a30naObd3« 


34  LiCiUlO  PARTICLE  SiZE  MEASUREMENT  TECHNIQUES 


RiRTlCLE  Diameter  (^m)  X-0488;im 

HG  1(1  —  Plot  oJ  stnMin  e  area  A,  versus  pariu  le  size  for  the  12  /6  def>  ratio  pair  of  the  MKSPC 
i5?'l  Plotted  ^uth  the  theoretical  predictions  are  experimental  data  for  pol\st\rene  latex  spheres 
(n  -  !  tA)5i  taken  at  A  =  0  4416  pan  One  undetermined  calibration  factor  for  the  experimental 
data  I  the  same  factor  for  all  J  data  points!  was  fixed  b\  optimizing  the  Jit  between  theory  and 
experiment  i  after  Ref  49/. 

paring  the  performance  of  several  instruments  on  the  same  particle  field  are 
scarce,  but  some  data  for  companson  between  instruments  have  been  obtained 
(•^51  using  photomask  calibration  reticles  on  Malvern  2200  instruments  [//]  as 
shown  in  Fig.  11.  The  commercially  available  reticles  (52)  were  fabricated  by 
phutixriching  arrays  of  randomly  positioned  opaque  circles  of  chrome  thin  film  on 
a  glass  substrate.  This  reticle  configuration  is  designated  clear  field  (CF),  and  the 
photographic  negative  thereof  with  circular  apertures  in  an  opaque  background  is 
designated  dark  field  (DF).  The  calibration  sample  area  of  the  reticles  was  8  mm 
diameter  and  provided  a  discrete  approximation  (using  23  different  circle  sizes) 
to  a  Rosin-Kammler  droplet  sizes  distribution  with  nominal  mean  diameter  of 
50  ^m  and  nominal  Rosin-Rammler  exponent  of  2.0.  The  standard  Rosin- 
Kammler  suit  ware  supplied  by  the  manufacturer  was  used  in  the  size  distribution 
inversion  Results  from  a  series  of  runs  on  three  different  commercial  instruments 
aie  plotted  m  Fig.  12.  The  data  points  in  Fig.  12  are  independent  as  both  back¬ 
ground  and  scattering  signature  measurements  were  taken  each  time.  The  ellip¬ 
tical  patterns  of  the  data  points  for  each  reticle  on  a  particular  instrument  are 
consistent  with  normally  distributed  fluctuations  (noise)  in  scattering  mea¬ 
surements  with  standard  deviations  in  the  range  of  1  to  2%  of  the  peak  signal 
level.  The  curves  in  Fig.  12  correspond  to  equal  error  contours  at  1,  2,  and  3% 
of  peak  signal  level  RMS  from  Fig.  5,  which  was  calculated  using  the  scattering 
signature  averaged  over  all  runs  for  the  clear  reticle  on  Instrument  A.  The 
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FIG.  1 1  — Schematic  of  laser  diffraction  particle  sizinf>  instrument  viith  clear  field  calibrai. 
reticle. 


instrument-to-instrument  variations  are  statistically  significant  when  compared 
the  run-to-run  variations  discussed  previously.  Differences  between  insiruinei 
responses  appears  to  be  on  the  order  of  20%  as  expected  from  sensitivity  var 
tions  between  monolithic  detector  elements.  In  order  to  obtain  absolute  accurac 
better  than  20%  w  ith  the  Malvern  2200  or  similar  laser  diffraction  instruments  t!i 
sensitivity  of  each  element  in  the  photodiode  detector  array  must  be  caIibrato> 
using  reticles  or  uniform  illumination. 


■»  ’•i.r  ■.’■tr  ■  *  .. 


Optical  Sampling:  Spatial  (Concentration)  Versus  Temporal  (Flux) 

Optical  sizing  instruments  operate  in  one  of  two  basic  sampling  modes.  In  tlic 
first  mode  an  optical  instrument  samples  all  droplets  in  a  volume  of  space.  .ir.J 
therefore  might  be  considered  a  concentration-sensitive  diagnostic.  Laser  ditlrac- 
tion  droplet  sizing  instruments  in  which  the  detector  resolving  time  is  much  lc^^ 
than  a  typical  droplet  residence  time  in  the  laser  beam  operate  in  this  concen¬ 
tration  diagnostic  mode.  Size  distribution  parameters  determined  with  these  tech¬ 
niques  would  be  volume-weighted,  for  example,  a  D,;  consistent  with  Eq  4  ccald 
be  obtained.  There  is,  however,  another  weighting  technique  of  interest  in  spray'', 
that  of  flux  weighting. 

Define  here  a  particle-fiux-weighted  mean  diameter  Dy,.  f 


DyJ 


f 


f 


n[D)V(D)D\lD 


n(D)U(D)iydD 


3SN3dXd  lNBMNd3AOD  IV  QBOnQOUdBU 
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RR-50-2.0-0.03-l0l-»F-#n 


liL'i,  12  —  t.xi>frimtniat  data  from  three  different  labs  v^ith  Malvern  2200  instruments  anahzinx 
i>:r  \arru‘  iv^o  i  alibraiion  reticles  RR-50-2 .0-0.03-101-CF-  #2  (clear field)  and RR-50-2 .0-0 .(})■  10! ■ 
Dh  If  2  idurl.  field  I .  Each  data  point  represents  a  separate  background  and  signal  run.  Also  shown 
lire  ii^'ual  err,ir  contours  from  Fig.  5  corresponding  to  I,  2,  and  of  peak  signal  RMS  error  for 
ihc  o.erugtd  scattering  signature  for  the  clear  field  reticle  at  Lab  A. 


where  the  additional  subscript  /  indicates  a  quantity  determined  by  a  flux- 
seriMtive  diagnostic,  and  U  is  the  velocity  of  particles  of  diameter  D.  Note  that 
ihi>  Dm,  f  may  be  the  most  relevant  one  in  some  situations,  say  for  example  in 
the  idealized  case  of  thin,  one-dimensional  spray  flame  front.  In  that  case  the 
unportant  quantity  controlling  the  combustion  would  be  the  flux  or  n(D)U(D) 
product  rather  than  just  the  concentration  or  number  density. 

The  second  niLxle  of  instrument  operation  is  one  which  actually  measures  this 
llux  ot  panicles  across  a  surface  during  some  finite  measurement  time.  Optical 
ingle  particle  counters  which  utilize  input  beam  focusing,  and  the  detector  field 
(I*  view  to  optically  define  a  relatively  small  optical  probe  volume  are  an  example 
oi  a  fiux-sensitive  diagnostic.  The  sensitive  surface  or  sensitive  area  would  be  the 
projected  area  of  the  optical  sample  volume  (projected  into  the  direction  of  the 
droplet  velocity  vectors). 

Results  obtained  with  concentration-sensitive  and  flux-sensitive  diagnostics 
are  related  through  the  velocity,  which  may  be  a  function  of  droplet  size.  The  rate 
yiO)  at  which  particles  with  diameters  between  D  and  D  +  AD  are  sampled  by 
an  SPC  is  given  by 

J{D)  =  n{D)U{D)AAD)AD  (8) 
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A  here  A,  is  the  optically  sensitive  area.  The  sensitive  area  A,  is  a  function  of 
Iroplet  diameter  as  controlled  by  the  light-scattering  properties  and  the  threshold 
■r  droplet  signal  validation  electronics. 

It  i>.  seen  from  Eq  8  that  for  velocities  independent  of  droplet  size  both  concen- 
aiKin  and  flux-sensitive  devices  measure  equivalent  quantities.  However,  for 
ypical  sprays  where  velocity  is  a  function  of  droplet  size  the  differences  in  the 
two  diagnostics  can  become  quite  significant.  Data  from  flux-sensitive  diagnos¬ 
tics  ^Lich  as  single  particle  counters  which  do  not  simultaneously  measure  droplet 
velocity  as  well  as  size  cannot  be  used  to  determine  particle  concentration  or 
number  density.  Such  instruments  would  directly  measure  J  and  have  a  known 
>ens!ti\e  area  correction  factor  A,  so  that 


A,{D) 


=  n{D)mD)lD 


w  here  the  left-hand  .side  would  be  measured/known  in  order  to  detennine  the  right 
hand  side  of  Eq  9  Then  since  n  and  U  cannot  be  separated  mean  quantities 
would  be  calculated  using  J(D)/A,{D)  or  equivalently  n{D)U(D)  as  in  Eq  8. 

1  he  similaniN  between  these  effects  and  velocity  bias  in  laser  veltKimetry  (LV ) 
should  be  noted.  Considering  Eq  6,  the  rate  of  particle  events  or  observations  by 
SI*!'’  and  counter-based  LV  systems  is  biased  toward  high  velocities,  or  in  other 
words  particles  with  high  velocities  are  sampled  proportionally  more  often  than 
panicles  travelling  at  low-  velocities.  Several  methods  have  been  used  in  LV  to 
worrect  for  velocity  bias  and  obtain  an  unbiased  velocity  estimator.  One  method 
o  lo  sample  L\'  signals  at  equal  time  intervals  rather  than  sample  every  particle 
event  and  thereby  perform  time-averaged  rather  than  particle  averaged  statistics. 
•Similar  methinls  might  be  adopted  for  droplet  sizing  instruments  which  measure 
velocity  in  addition  to  size,  but  again  it  depends  on  where  spatial-averaged  or 
tlux-averaged  information  is  more  relevant. 

Nine  also  that  as  the  velocity  field  changes  so  does  the  concentration  in  a  spray 
w  ith  differential  velocities  and  a  constant  initial  droplet  size  distribution.  There- 
h'.c,  assuming  that  a  concentration  measure  is  of  interest,  measurements  of 
droplet  size  distributions  on  a  laboratory  spray  into  a  stagnant  gas  will  in  general 
not  be  indicative  of  concentration-size  distributions  present  under  other  condi- 
tuiris  where  the  dependence  of  droplet  velocity  on  size  has  changed  due  for 
example  to  a  change  in  the  velocity  of  the  gas  surrounding  the  spray  as  discussed 
b>  Witiig  et  al  15.? I . 


Conclusions 

Optical  nonimaging  methods  for  droplet  sizing  have  been  reviewed.  Single 
droplet  analyzing  instruments  as  well  as  ensemble  analyzing  techniques  using 
multi-angle  scattering  or  diffraction  were  discussed.  Calibration  of  single  particle 
counters  must  include  both  size  and  concentration  measurement  standards.  Laser 
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ditfraction  instalments,  despite  suggestions  to  the  contrary,  require  calibration  as 
demonstrated  by  a  series  of  experiments  using  calibration  reticles.  Finally,  de¬ 
tailed  characteristics  of  each  droplet  sizing  instrument  concept  must  be  consid¬ 
ered  before  attempting  to  reconcile  data  obtained  with  different  instruments.  This 
IS  particularly  true  when  comparing  spatial  or  concentration-sensitive  techniques 
such  as  laser  diffraction  with  data  from  temporal  or  droplet  flux-sensitive  instru¬ 
ments  such  as  single  particle  counters. 
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RECENT  DEVELOPMENTS 
IN  NON-OOPPLER  LASER  VELOCIMETRY 

E.  Dan  Hirleman* 

Mechanical  Engineering  Department 
Arizona  State  University 
Tempe,  Arizona  85281 


Abstract 

Alternative  concepts  in  laser  velocime'"' 
which  in  some  applications  demonstrate  sign  -ant 
advantages  over  conventional  laser  Doppler  veloci- 
meters  (LDV)  are  discussed.  The  non-Doppler  tech¬ 
niques  discussed  here  are  particle-counting  velo- 
cimeters  which  measure  the  time  for  individual 
particles  to  traverse  a  known  distance  to  deter¬ 
mine  velocity.  The  methods  considered  include  the 
two-spot  or  time-of-flight  velocimeter  L2V,  the 
single  beam  transit-timing  laser  velocimeter  LIV. 
and  a  recently  proposed  hybrid  of  these,  the  LSV, 
which  measures  two  velocity  components  using  the 
L2V  optical  system.  The  principles  and  relative 
advantages  of  these  non-Doppler  LV  techniques  will 
be  discussed  in  addition  to  some  of  the  first  ex¬ 
perimental  results  obtained  with  LIV  and  LSV  sys¬ 
tems  . 

I.  Introduction 

Laser  velocimeter  methods  for  nonintrusive 
flowfield  measurements  are  routinely  utilized  in 
many  research  establishments.  The  velocity  diag¬ 
nostic  technique  most  widely  applied  is  the  laser 
Doppler  velocimeter  (LDV  or  LDA);  indeed,  nearly 
every  research  lab  has  a  laser  Doppler  system. 
Extensive  literature  is  available  on  LDV  princi¬ 
ples  and  applications  with  comprehensive  reviews 
by  Stevenson'  and  Durst  et.  al^.  The  application 
of  laser  Doppler  velocimeters  in  combustion  en¬ 
vironments  is  discussed  by  Self  and  Whitelaw^. 

This  paper  discusses  some  alternative  non- 
Doppler  laser  velocimeters  which  in  some  situa¬ 
tions  have  significant  advantages  over  the  more 
common  LDV.  The  advantages  can  include  simplified 
optical  or  electronic  system  configurations,  high¬ 
er  sensitivity,  and  better  rejection  of  background 
scattering  from  surfaces  adjacent  to  the  sample 
volume.  The  non-Doppler  laser  velocimeters  con¬ 
sidered  here  are;  the  two-spot  or  time-of-flight 
laser  velocimeter  L2V;  the  single  beam  transit- 
time  laser  velocimeter  LlV;  and  finally  the  two- 
component,  two-spot  laser  velocimeter  LSV,  recent¬ 
ly  proposed  by  Hirleman.“ 

Of  these  methods,  only  the  L2V  has  been  used 
by  enough  research  groups  in  diverse  applications 
to  permit  a  reasonable  evaluation  of  its  effec¬ 
tiveness.  A  brief  review  of  the  principles  of 
L2V,  some  of  the  past  experimental  results,  and  a 
comparative  analysis  with  LDV  will  be  presented 
here.  In  contrast,  the  LIV  and  LSV  concepts  which 
may  improve  on  the  L2V  are  relatively  untested 
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with  very  limited  experimental  results  published 
on  the  L1V‘  and  none  available  for  the  LSV.  Vie 
are  actively  investigating  these  new  techniques, 
and  the  principles  of  operation  and  an  analysis  of 
recent  experimental  results  are  presented. 


aler  Las e rVe 1 ocimet ry 


The  non-Doppler  LV  techniques  considered  here 
involve  measurement  of  the  time  for  a  particle  to 
traverse  known  distances,  either  the  distance  be¬ 
tween  two  laser  beams  or  the  distance  across  a 
single  beam.  A  real  fringe  differential  Doppler 
LDV  counter  system  can  be  Interpreted  as  measuring 
the  time  for  a  particle  to  traverse  fringes  of 
known  spacing,  but  this  LDV  configuration  depends 
on  radiation  scattered  from  coherent,  intersect¬ 
ing  beams.  In  contrast,  the  non-Doppler  methods  do 
not  require  either  beam  intersection  or  coherence. 


The  principles  for  the  LV  techniques  of  in¬ 
terest  can  be  illustrated  using  the  optical  sys¬ 
tems  of  Figure  1.  It  is  desired  to  form  two  laser 
beam  waists  or  foci  separated  by  a  known  distance 
in  the  optical  sample  volume.  This  can  be  accom¬ 
plished  using  birefringent  optics  which  angularly 
separate  the  polarizations  of  a  circularly  polar¬ 
ized  laser  beam  (e.g.  Rochon  or  Wollaston  prisms), 
followed  by  a  lens  placed  one  focal  length  behind 
the  beam  separator  as  shown  in  Fig.  la.  A  lens 
placed  in  front  of  a  calcite  beam  displacer  will 
accomplish  the  same  results  as  in  Fig.  lb.  The 
beam  expander  is  used  to  control  the  beam  waist 
sizes  in  the  measurement  volume  and  a  \/4  wave- 
plate  is  required  for  linearly  polarized  lasers. 


The  laser  focus  characteristics  of  the  sample 
volume  are  shown  in  more  detail  in  Fig.  2,  with 
some  illustrative  particle  trajectories.  Assuming 
a  trajectory  in  the  x-y  or  focal  plane  (4=0)  which 
projects  to  Fig.  2b,  and  for  light  scattering  and 
detection  processes  which  are  effectively  instan¬ 
taneous,  detector  output  as  in  Fig.  2c  would  be 
obtained.  The  maxima  in  the  output  signals  occur 
when  the  particle  is  at  the  points  of  closest 
proximity  to  the  laser  beam  axes.  The  time-of- 
flight  tf  between  the  peaks  of  these  signals  is 
given  (for  t=0  trajectory)  by: 


tf  =  2x(3C0sa/V_i_ 


(1) 


where  Vj.  is  the  particle  speed  in  the  x-y  plane. 
Now  the  x-component  of  Vj.  is  given  by: 
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Fig.  1.  Schematics  of  a  L2V  optical  systems  in  forward  scattering  receiving  configurations. 
Beam  separation  with  a)  Rochon  or  Wollaston  prisms  and  b)  calcite  beam  displacer. 


Vx  =  V_L  COSO  (2) 

Rearranging  Eqs  (1)  and  (2)  gives; 

,  ''x 

tf  cos’s  (3) 

which  indicates  that  for  small  a  (cos’a*l),  mea¬ 
surement  of  the  time-of-fl ight  tf  between  the  peaks 
directly  indicates  the  particle  velocity  component 
in  the  plane  containing  laser  beam  axes.  This 
simple  time-of-fl ight  concept  was  apparently  first 
Dorposed  for  laser  velocimetry  by  Thompson*  in 
1968,  several  years  after  the  earliest  LDV  papers'* 
Tanner’  suggested  the  present  day  version  of 
the  L2V  which  utilizes  a  large  beam  spacing/beam 
diameter  ratio  2xb/2w  to  ensure  that  only  particles 
following  trajectories  of  small  a  scatter  enough 
light  from  both  laser  beams  to  be  detected  as  a 
dual  peak  event.  Acceptance  of  signal  pairs  from 
particles  with  large  a  results  in  a  broadening  of 
L2V  velocity  data.  Ratios  xb/w  of  typically  20  or 
greater  (2x(j=O.Sm7i)  have  been  used  in  L2V  appli¬ 
cations  in  rotating  turbomachinery  by  Shodl®*’  and 
Smart  in  free  jets  by  Lading'',  and  in  the 
atmosphere  at  up  to  70m  range  by  Lading  et  al">'’ 
and  Bartlett  and  She". 

The  major  advantages  of  L2V  over  LDV  are  high¬ 
er  sensitivity  and  better  signai/noise  ratios 
which  derive  from  the  possibility  of  using  smaller 
beam  focus  diameters  in  the  L2V  sample  volume. 

The  laser  beam  diameters  in  the  LDV  fringe  volume 
are  constrained  by  frequency  requirements  for  the 
processing  electronics.  Typical  LDV  counting  pro¬ 
cessors  need  on  the  order  of  10  fringe  crossings 
minimum  per  Doppler  burst  (e.g.  within  the  l/e* 
points)  for  an  accurate  velocity  determination. 
Thus,  the  minimum  required  fringe  spacing  decreases 
linearly  as  the  beam  diameter  is  decreased  and 
hence  the  processor  frequency  requirements  become 
more  stringent.  To  illustrate,  a  particle  moving 
at  lOOm/sec  through  a  lOum  beam  with  10  station¬ 
ary  fringes  (lam  spacing)  will  generate  a  lOOMHz 
Doppler  burst  which  is  difficult  to  process 


accurately.  In  practice  LDV  probe  volume  beam 
diameters  are  about  lOOum  or  greater  at  1/e' 
points.  Conversely,  the  L2V  has  no  such  con¬ 
straint  since  the  temporal  characteristics  of 
laser  light  scattered  during  the  transit  of  a 
particle  through  a  beam  is  of  little  interest; 
thus  the  L2V  focus  spots  in  the  sample  volume  are 
typically  made  as  small  as  possible,  subject  to 
the  diffraction  limit.  L2V  beam  diameters  as 
small  as  lOum  are  not  unreasonable  and  this  re¬ 
sults  in  a  laser  power  density  of  lOOx  greater 
than  for  the  above  LDV  example.  Then  for  a  given 
laser  and  equivalent  receiving  optics,  the  peak 
scattered  flux  from  a  specific  particle  will  lOOx 
be  greater  in  the  L2V  system  than  in  LDV,  result¬ 
ing  in  a  similar  improvement  in  L2V  signal/noise 
ratio.  This  higher  L2V  sensitivity  can  be  ex¬ 
ploited  in  various  ways  in  terms  of  smaller  and 
less  expensive  lasers,  smaller  seed  particles, 
measurements  closer  to  adjacent  surfaces,  or 
measurements  at  higher  velocities. Addi¬ 
tional  advantages  of  L2V  relative  to  LDV  include 
less  complex  data  processing  requirements  and 
potential  insensitivity  to  beam  steering  since  the 
L2V  beams  are  practically  coincident  until  just 
at  the  focal  plane  (see  Fig.l)  and  turbulent  dis¬ 
turbances  in  the  path  should  affect  both  beams 
simultaneously.  Conversely,  the  2  beams  in  LDV 
take  completely  different  paths  to  the  fringe 
volume  and  separate  disturbances  on  the  beams 
which  may  cause  fringe  shifting  or  prevent  beam 
intersection  are  more  likely. 

The  advantages  of  L2V  over  LDV  for  some  spe¬ 
cific  applications  have  been  well  establ ished. "  ■ 
However,  there  are  some  significant  pro¬ 
blems  with  the  conventional  L2V.  First,  the  L2V 
has  a  highly  directional  sample  space  due  to  the 
large  beam  spacing/beam  diameter  ratio  required 
by  accuracy  considerations  discussed  earlier,  i.e. 
only  particles  with  very  small  traverse  angles 
X  in  Fig.  2b  will  generate  two  peaks.  It  is, 
therefore,  necessary  to  rotate  the  spots  to  get 
information  for  more  than  one  flow  direction,’ 
and  simultaneous  measurement  of  2  velocity  com¬ 
ponents  is  not  possible  with  the  L2V  systems. 
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I(r)=Ioexp(-2r^/w^) , 

where  I(r)  is  the  intensity  at  a  radial  distance 
r  from  the  beam  or  optical  axis,  Iq  is  the  peak 
intensity  at  the  beam  center  (r»0),  w  is  the  beam 
radius  at  the  1/e^  intensity  points,  and  these 
quantities  can  vary  along  the  optical  axis.  For 
Cartesian  coordinates  x^+y^*r^,  and  a  particle 
traveling  in  a  plane  normal  to  the  beam  and  par¬ 
allel  to  the  y  axis  at  some  x  traverse  position 
xt  as  in  Fig.  3  will  experience  an  incioent  in¬ 
tensity  history; 


I()(t.y)*IoexP(-2xtVw^)exp(-2y^/w^) .  (5) 

Note  that  any  linear  particle  trajectory  will  fit 
Eq.  (5)  since  the  orientation  of  the  x-y  coordi¬ 
nate  system  is  arbitrary.  For  a  constant  velocity 
in  the  perpendicular  (x-y)  plane,  the  temporal 
incident  intensity  (and  therefore  scattered-light 
detector  response,  assuming  the  light  scattering 
and  detection  processes  to  be  effectively  instan¬ 
taneous  and  particle  diameter  much  smaller  than 
the  beam  diameter)  will  then  be 
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Fig.  2.  L2V  sample  volume,  a)  laser  focus 
properties  indicating  1/e^  intensity 
contours  along  laser  beam  axes.  Sample 
particle  traverse  indicated  with  double 
arrows,  b)  cross-section  of  sample  vol¬ 
ume  in  a)  along  z  or  optical  axis,  c) 
detector  output  from  particle  traverse 
indicated  in  b)  with  $  =  0. 

Also,  the  quality  of  optical  components  becomes 
more  critical  for  L2V  applications  where  use  of 
diffraction  limited  spots  are  desired.  Finally, 
there  is  the  question  of  possible  degradation  of 
L2V  performance  in  highly  turbulent  environments.'* 
These  relative  advantages  are  discussed  in  more 
detail  elsewhere'®,  but  additional  experiments 
directly  comparing  L2V  and  LDV  systems  are  neces¬ 
sary  to  further  delineate  the  overlap  in  ranges 
of  applicability  for  these  laser  velocimeter  tech¬ 
niques  . 

III.  Single  Beam  Transit-Time 
Velocimeter  (LIV)' 

A  non-Doppler  velocimeter  concept  used  even 
less  than  L2V  is  the  single  beam  transit-time 
velocimeter  proposed  by  Rudd*  and  discussed  by 
Hirleman*.  A  typical  optical  system  for  LIV  would 
be  similar  to  that  in  Fig.  1  with  forward,  back- 
scatter  or  off-axis  scattering  geometry  possible. 
However,  beamsplitting  optics  would  be  unnecessary 
since  this  method  uses  a  single  TEMqo  laser  beam. 
Referring  to  Fig.  3,  the  intensity  distribution 
in  any  plane  perpendicular  to  the  beam  propagation 
vector  is  given  by: 


I(xt,t)*Ioexp(-2xtVw')exp(-2V_(_HVw^) .  (6) 

Since  the  first  exponential  is  time  independent, 
scattered-light  signals  from  particles  moving 
linearly  at  constant  speed  will  always  be  geome¬ 
trically  similar  Gaussians  (same  1/e^  width),  as 
indicated  in  Fig.  4.  Then  measurement  of  the 
transit-time  -tt  between  the  1/e'  points  of  a 
scattering  signal  uniquely  determines  the  magni¬ 
tude  of  the  particle  velocity  component  in  the 
plane  normal  to  the  beam  axis  by‘>*  : 

Vj^’w/tt  (7) 

regardless  of  the  traverse  position  x^.  Although 
this  property  of  Gaussian  beams  has  been  known  for 
some  time,  the  electronics  required  for  accurate 
measurements  of  the  transit-time  have  been  a  pro¬ 
blem.®  However  the  rapid  advances  in  high  speed 
electronics  are  finally  making  sue,;  a  measurement 


Fig.  3.  Laser  beam  properties  and  linear  particle 
traverses  in  a  plane  normal  to  the  laser 
beam  axis. 
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Fig.  4.  Time  dependence  of  laser  intensity  in¬ 
cident  on  particle  traverses  of  Fig.  3. 

practical  and  our  lab  is  currently  making  a  com¬ 
prehensive  study  of  the  LIV  concept. 

For  the  measurements  it  is  assumed  that  the 
beam  diameter  w  is  known  a  priori  and  is  effec¬ 
tively  constant  in  the  particle-sampl ing  region. 
This  condition  can  be  satisfied  either  by  utiliz¬ 
ing  a  collimated  beam  (constant  w)  or  by  optically 
defining  the  axial  extent  with  the  detector  field 
of  view  as  certain  axial  length  of  the  laser-focus 
region  that  has  approximately  constant  w.  Laser- 
focus  intensity  contours  are  elongated  along  the 
optical  axis  for  typical  systems  with  relatively 
high  (>4)  f  nunber  optics*’,  and  therefore  the 
second  technique  for  defining  w  is  practical. 

The  LlV  data  processing  system  must  determine 
the  width  parameter  w  of  the  Gaussian  detector 
output  pulses  for  each  particle.  Possible  analog 
techniques  include  the  differentiation  method  sug¬ 
gested  by  Rudd’  and  a  delay  line/peak  sensor/dis- 
criminator/timer  concept  we  have  utilized.”  For 
moderate  speed  applications  we  have  found  a  digital 
approach  to  be  advantageous.  This  microprocessor- 
based  system  uses  high  speed  A/0  conversion  and  a 
procedure  to  fit  the  data  to  a  Gaussian  peak  as 
discussed  later. 

The  major  advantage  of  the  LIV  Is  the  rela¬ 
tively  simple  optical  system  necessary  to  measure 
one  velocity  component.  Also,  the  LIV  is  not  de¬ 
pendent  on  spatial  coherence  of  the  laser  beam  (as 
IS  LDV)  which  could  be  important  for  measurements 
in  highly  turbulent  environments.  On  the  other 
hand,  the  LIV  requires  more  sophisticated  electron¬ 
ics  than  L2V  or  LDV,  requires  detailed  knowledge 
of  the  beam  properties  at  sample  volume,  and  gives 
erroneous  velocity  measurements  for  particle  dia¬ 
meters  significant  (d/w  iO.l)  compared  to  the 
beam  diameter.  However,  the  digital  curvefitting 
approach  discussed  later  has  the  potential  for 
identifying  and  rejecting  signatures  from  large 
particles. 

IV.  L2V  Revisited:  The  LSV 

Returning  to  consider  the  L2V  in  light  of  the 
previous  LIV  development,  it  is  clear  that  the 
output  from  an  L2V  detector  such  as  Fig.  2c  con¬ 
tains  more  information  than  just  one  velocity  com¬ 
ponent.  Since  the  width  of  the  Gaussian  peak  from 


either  beam  in  Fig.  2c  determines  a  velocity,  the 
measured  time-of-flight  tf  between  beams  then  can 
be  used  to  determine  the  traverse  angle  a  through 
£q.  (1).  The  values  for  Vj,  and  a  can  be  easily 
transformed  into  two  velocity  components  using: 

Vx  =  iVj_cosa  Vy  •  iVj_sina  (8) 

where  the  sign  uncertainty  in  Vx  can  be  eliminated 
by  determining  which  beam  the  particle  passed 
through  first.  The  ambiguity  in  the  sign  of  a  in 
Vy  can  only  be  eliminated  by  rotating  the  beam 
orientation  until  the  flowfield  character  pre¬ 
cludes  many  particles  with  trajectories  at  both 
±a.  Thus  combining  the  principles  of  LlV  and  L2V 
permits  the  measurement  of  2  velocity  components 
with  an  L2V.  This  hybrid  system  is  termed  the  LSV 
here  since  the  concept  is  also  the  basis  for  a 
particle-sizing  scheme  proposed  by  Hir1eman“. 

The  next  LSV  consideration  is  the  beam 
spacing/diameter  ratio  which  was  large  in  the  L2V 
due  to  errors  or  broadening  Introduced  by  nonzero 
a  trajectories.  However,  in  LSV  the  particle  tra¬ 
verse  angle  a  is  measured  and  the  problem  dis¬ 
appears.  In  fact  the  optimum  beam  spacing/diame¬ 
ter  ratio  for  LSV  is  on  the  order  of  one,  i.e. 
with  the  two  beams  partially  overlapped.  The 
beams  would  be  of  different  wavelengths  or  polar¬ 
izations  to  prevent  interference  and  for  the  over¬ 
lap  case  two  detectors  would  be  required,  with 
each  detector  sensitive  primarily  to  light  scat¬ 
tered  from  only  one  of  the  beams.  The  LSV  has 
optics  as  in  Fig.  1,  and  a  sample  volume  similar 
to  Fig.  2  but  with  the  beams  of  Fig.  2b  and  the 
Gaussian  pulses  of  Fig.  2c  overlapped.  Data  ac¬ 
quisition  can  again  be  either  analog  or  digital. 

The  LSV  concept  eliminates  several  important 
L2V  disadvantages  while  maintaining  some  L2V  ad¬ 
vantages  and  potentially  providing  the  measurement 
of  two  velocity  components  simultaneously  with 
the  optical  system  complexity  of  a  single  compo¬ 
nent  LDV.  For  example,  LSV  sample  times  would  be 
comparable  to  LDV  and  much  less  than  for  L2V  since 
the  percentage  of  invalid  particles  crossing  only 
one  of  the  beams  would  decrease  drastically.  Some 
tradeoffs  would  be  required  as  the  closer  beam 
spacing  would  increase  the  frequency  response  re¬ 
quirements  of  the  conventional  L2V.  However,  the 
sensitivity  advantage  over  LDV  would  still  remain 
since  the  LIV  measures  transit-time  across  one 
beam  whereas  LDV  again  needs  roughly  10  fringes 
across  the  beam.  Again  however,  the  data  acqui¬ 
sition  system  is  relatively  complex  and  accurate 
characterization  of  the  beam  properties  at  the 
sample  volume  is  essential. 

V.  Experiments 

To  Investigate  the  LIV  and  LSV  concepts  an 
experimental  program  is  underway.  Our  analysis  can 
be  divided  into  three  areas;  laser  beam  property 
measurements;  data  acquisition  and  processing  con¬ 
siderations;  and  flow  measurements  on  an  axisymmet- 
ric  laminar  jet. 

Laser  Beam  Characterization  at  Sample  Volume 

As  discussed  earlier,  accurate  characterization 
of  the  beam  properties  in  the  LIV  or  LSV  sample  vol¬ 
ume  is  essential.  For  beam  diagnostics  we  use  a 
calibrated  microscope  assembly  coupled  with  a  1000 
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element  linear  photodiode  array  (25um  centers) 
mounted  at  the  Imaqe  plane  to  perform  beam  diagnos¬ 
tics.  This  microscope  assembly  Is  shown  In  Fig.  5. 
The  position  of  the  objective  relative  to  the 
photodiode  array  was  calibrated  by  imaging  an  Il¬ 
luminated  aperture  of  known  radius.  For  small  beam 
waists  as  used  here  the  objective  system  obeys 
standard  geometrical  optics  relating  the  magnified 
Gaussian  beam  diameter  at  the  image  plane  to  that 
at  the  object  plane  (not  true  1n  general  for 
Gaussian  beams'’).  A  sample  output  from  scanning 
the  diode  array  of  Fig.  5  with  a  Gaussian  laser 
beam  incident  at  the  object  plane  Is  shown  1n 
Fig.  6.  Each  peak  represents  the  radiation  inten¬ 
sity  integrated  over  a  25um  square  diode  and  over 
some  sample  time;  the  radial  laser  beam  intensity 
profile  covering  about  70  diodes  is  indicated. 


IMAGE  PLANE  AT 
PHOTOOIOOE  ARRAY 


fig.  5.  Schematic  of  Microscope  Ojbective 

Photodiode  Array  Assembly  used  for  laser 
beam  diagnostics. 

To  analyze  the  beam  profile,  the  peak  output 
values  from  each  diode  are  digitized  and  fit  to  a 
Gaussian  profile  using  a  logarithmic  least  squares 
technique  (See  next  section).  The  curvefitting  is 
oerformed  by  a  TI  990  microprocessor  system  which 
controls  the  diode  scan,  the  A/D  conversion,  trans¬ 
ferring  the  data  into  microcomputer  memory,  and 
finally  performs  the  curvefit  calculations.  A 
number  of  traces  such  as  Fig.  6  are  analyzed  for 
each  position  along  the  laser  beam  axis.  A  plot 
of  the  measured  1/e'  beam  radius  at  several  axial 
positions  along  a  laser  focus  are  shown  in  Fig.  7. 
The  data  of  Fig.  7  are  for  a  He-Cd  laser  beam  at 
441. 6nm  which  was  spatially  filtered  and  expanded 
6x,  focused  using  a  96tTin  lens,  and  analyzed  with 
a  40x  microscope  objective  using  the  apparatus  of 
Fig.  5.  Also  plotted  in  Fig.  7  are  the  beam  radius 
profile  predicted  assuming  diffraction-1 imited- 
optics”  and  a  least  squares  curvefit  of  the  axial 
data  to  the  predicted  Lorentzian  form  for  w(z)  near 
a  diffraction-limited  TEM _  laser  beam  waist. 

To  use  the  LIV  or  LSV  concepts  it  is  necessary 
to  know  the  Gaussian  beam  waist  radius  w  at  the 
sample  volume.  The  uncertainty  in  a  single  mea¬ 
surement  of  w  using  the  apparatus  of  Fig.  5  can  be 
10-20%  in  worst  cases  depending  on  the  beam  qual¬ 
ity,  diode-to-diode  response  variations,  and  aber¬ 
rations  in  the  objective  system  for  small  beam 
waists  (s  lOum)  as  in  Fig.  7.  By  measuring  an  ax¬ 
ial  w(z)  profile  this  uncertainty  can  be  decreased 
significantly  since  the  measurement  accuracy  is 
better  in  larger  portions  of  the  beam.  For  1/e' 
beam  diameters  of  roughly  50um  or  greater  the 
measurements  are  probably  good  to  better  than  1%. 


Fig.  6.  Scan  of  photodiode  array  outputs. 

Data  Acquisition  System 

The  data  processing  technique  we  are  present¬ 
ly  using  for  the  various  non-Doppler  LV  is  primar¬ 
ily  digital  as  shown  in  Fig.  8.  High  speed  A/D 
conversion  (2-20MHz)  of  the  photomultiplier  out- 
put{s)  is  performed  by  a  Nicolet  Digital  Oscillo¬ 
scope.  The  digitized  data  such  as  that  shown  in 
Fig.  9  is  clocked  out  of  the  Nicolet  through  a 
parallel  interface  into  the  memory  (RAM)  of  a  TI 
990  16-bit  microcomputer.  A  multiple  variable 
linear  regression  routine  is  used  by  the  micro¬ 
processor  to  determine  a  logarithmic  least  squares 
fit  of  Gaussian  peaks  to  the  data.  The  three  para 
meters  in  the  Gaussian  curvefit  algorithm  based  on 
linearizing  Eq.  (4)  are  (see  Fig.  4):  the  mean 
(time)  value  or  time  of  maximum  signal  amplitude; 
the  peak  height;  and  finally  the  variance  or  trans 
it-time  t^  and  which  directly  indicates  the  velo¬ 
city  from  Eq.  (7).  The  time-of-fl ight  tf  is  the 
time  between  successive  peak  centers.  An  example 
curvefit  to  digital  LSV  data  performed  by  the 
microprocessor  is  shown  in  Fig.  10. 

A  major  concern  with  the  LIV  concept  is 
accuracy.  The  parameters  controlling  the  accuracy 
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Fig.  7.  Laser  beam  radius  at  1/e'  points. 


of  the  curvefit  and  of  the  LIV  velocity  determina¬ 
tion  include:  the  number  of  A/D  samples  during  a 
Gaussian  peak  n;  the  ratio  of  RMS  noise  to  the 
peak  amplitude;  and  the  ratio  the  A/D  resolution 
or  digitizing  error  to  the  peak  amplitude.  A 
computer  simulation  of  the  LIV  digital  data  pro¬ 
cessing  system  has  been  utilized  to  investigate 
these  effects.  Table  I  indicates  the  normalized 
uncertainty  o  /w  in  reconstructing  a  Gaussian  peak 
from  discrete  digital  samples  predicted  by  the 
simulation  as  a  function  of  the  number  of  samples 
n  and  the  RMS  noise/signal  ratio.  The  values  for 
a  were  estimated  by:  assuming  a  set  of  Gaussian 
peak  parameters;  taking  n  A/D  samples  of  the  as¬ 
sumed  signal  and  perturbing  each  sample  by  adding 
a  random  noise  contribution  using  a  normal  dist¬ 
ribution  random  number  generator;  and  finally 
applying  the  curvefit  algorithm  to  the  signal  + 
noise  samples.  The  width  parameter  of  the  recon¬ 
structed  Gaussian  less  the  initially  assumed  value 
is  then  the  error  in  w  (and  velocity)  determination. 
This  process  was  repeated  1000  times  using  differ¬ 
ent  random  noise  pertubations  for  statistics  of 
the  error,  and  the  standard  deviation  of  these 
errors  is  reported  as  o  in  Table  I.  The  mean 
values  of  the  errors  wefe  effectively  zero  and  the 
data  of  Table  I  are  valid  for  a  12  bit  A/0  con¬ 
verter  with  a  full  scale  peak  signal  level. 


Fig.  8.  Schematic  of  Digital  Data  Acquisition 
System  for  LIV,  L2V  and  LSV. 

Table  I  confirms  what  one  would  expect,  that 
the  uncertainty  in  determining  w  decreases  with 
the  number  of  samples  n  and  increases  with  the 
noise  level.  Three  is  the  minimum  number  of 
samples  required  for  the  three  parameter  curve- 
fit.  Increasing  the  number  of  samples  for  a 
given  particle  velocity  Involves  higher  speed 
A/D  conversion  and  the  tradeoffs  of  cost,  few¬ 
er  bits  of  A/D  resolution,  and  increased  data  an¬ 
alysis  time.  The  acceptable  LIV  uncertainty  would 
depend  on  the  turbulence  Intensity  levels  of  inter¬ 
est  since  data  processing  errors  ultimately  appear 
as  velocity  broadening.  Accuracy  comparable  to 
that  of  LDV  seems  attainable  with  the  LIV  concept. 

Flow  Experiments 

We  have  made  and  are  continuing  experiments  to 
verify  the  LIV  and  LSV  simulations  and  hardware. 

A  laminar,  axisynmetrlc  free  jet  (Re  =  1200)  of 
air  seeded  with  1.099um  polystyrene  spheres  was 


Fig.  9.  Digitized  Photomultiplier  output  from 
L2V  displayed  on  Nicolet  Digital  Oscil¬ 
loscope. 

utilized.  Optical  and  electron  microscopy  studies 
were  undertaken  to  verify  the  monodispersity  of  the 
aerosol  generated  by  atomizing  polystyrene/isopro¬ 
pyl  alcohol  solutions.  A  12.5nin  I.O.  glass  oipe 
100  diameters  long  with  a  constriction  at  the  en¬ 
trance  was  used  to  provide  fully  developed  laminar 
flow.  Our  measurements  were  made  1/2  diameter 
downstream  of  the  pipe  exit  in  stagnant  air. 

Figure  11  is  a  plot  of  the  mean  axial  velocity 
profile  measured  across  the  jet.  The  data  were 
corrected  for  biasing*’  and  were  taken  with  an  op¬ 
tical  system  similar  to  Fig.  lb  using  a  15mW  He-Cd 
laser  but  with  receiving  optics  at  90°  to  the  laser 
beam.  A  0.1  mm  slit  in  front  of  the  photomulti¬ 
plier  tube  was  imaged  1:1  at  the  beam  waist  to  de¬ 
fine  a  sample  volume  of  constant  beam  diameter  w. 

The  baseline  data  were  taken  with  the  conven¬ 
tional  L2V  concept  using  a  O.Snm  beam  spacing  and 
the  beam  foci  mapped  out  in  Fig.  7.  This  beam 
spacing/diameter  ratio  of  greater  than  50:1  coupled 
with  a  high  threshhold  setting  for  peak  acceptance 
ensured  minimal  velocity  broadening  due  to  nonzero 
a  traverses  (Fig.  2b).  This  fact  was  supported  by 
turbulence  intensity  measurements  which  averaged 
less  than  0.7%  for  positions  within  one-half  radius 
of  the  centerline  (R/RO  <  0.5).  This  figure 

Table  I:  Standard  Deviation  of 

Gaussian  Reconstruction  Errors  a^/w 

n 


Number 

of 

Samples 

n 

Noise/Signal  Ratio 

0. 

0.01 

0.02 

0.04 

3 

.001 

.016 

.030 

.062 

6 

.001 

.013 

.026 

.053 

12 

.001 

.010 

.020 

.043 

24 

.001 

.008 

.0(5 

.032 

6 


TIME  ifi.  SEC  ) 


Fig.  10.  Gaussian  curvefits  to  digital  LSV  data. 

compares  with  the  IX  centerline  turbulence  intensity 
measured  by  Owens  and  Rogers^ ‘  for  internal  fully- 
developed  laminar  flow  at  Re*1800. 

Flow  measurements  with  the  LIV  were  made  on 
the  same  laminar  jet  and  the  results  are  also 
presented  in  Fig.  11.  The  LIV  optical  system  was 
identical  to  that  used  in  the  L2V  measurements 
except  for  the  focal  length  of  the  collimating 
lens  in  the  spatial  filter  which  was  decreased  by 
half.  This  modification  doubled  the  beam  waist 
radius  at  the  sample  volume  to  9. Sum  which  made 
axial  adjustments  of  the  receiving  optics  less 
critical  and  gave  longer  transit  times  through  the 
beam  so  that  the  effects  of  the  number  of  samples 
n  could  be  investigated  experimentally.  The  mean 
velocity  profiles  measured  with  both  the  LIV  and 
L2V  are  in  good  agreement  with  the  predicted  para¬ 
bolic  profile.  We  observed  discrepancies  between 
measurements  and  predictions  near  the  jet  boundary 
due  to  shear  effects.  Biasing  effects  were  negli¬ 
gible  since  the  dimensions  of  the  optical  sample 
volume  here  were  about  O.IX  of  the  pipe  diameter. 
These  experiments  are  conclusive  in  proving  the 
LlV  concept  with  digital  data  processing  to  be 
a  viable  alternative  for  laser  velocimeter  ap- 
pl ications. 


R/RO 


Fig.  11.  Measured  mean  axial  velocity  normalized 
to  centerline  velocity  VO  as  a  function 
of  radial  position  for  a  laminar  jet, 
Re*1300  where  RO  is  the  inner  radius  of 
the  pipe. 


Acomparison  of  measured  RMS  velocity  components 
(or  apparent  turbulence  intensity)  on  the  laminar 
jet  centerline  is  given  in  Table  II.  The  contrib¬ 
ution  of  nonzero  a  traverses  to  L2V  broadening  for 
Xk/w  >  so  was  more  than  an  order  of  magnitude  lower 
than  the  measured  L2V  RMS  component,  and  the  ob¬ 
served  distribution  of  velocities  was  due  to  flow 
system  fluctuations  and  Inaccuracies  introduced  in 
the  electronics.  The  measured  RMS  velocity  for  the 
LIV  was  considerably  higher  than  for  the  L2V  due 
to  the  additional  errors  introduced  in  the  Gaussian 
curvefit  data  processing.  The  LIV  data  were  taken 
at  3  digitizing  rates  to  give  nominally  5,  10,  and 
20  samples  per  particle  signature  as  indicated  in 
Table  II.  The  actual  number  of  A/D  samples  above 
the  noise  threshhold  depends  on  the  peak  height 
which  varied  somewhat  for  each  sampling  rate,  but 
the  average  values  for  n  are  indicated.  It  appears 
that  the  data  of  Table  II  would  fit  into  the  pre¬ 
dictions  of  Table  I  between  N/S  ratios  of  0.02  and 
0.04  with  reasonable  agreement.  However,  the  actual 
N/S  ratio  was  close  to  0.01  which  should  give  lower 
RMS  values,  and  we  are  presently  unable  to  fully 


Table  II:  Measured  RMS  velocity  normalized  to 
centerline  velocity  in  laminar  jet. 


LV 

system 

L2V 

LIV 

LIV 

LIV 

n 

5 

5 

10 

20 

^RMS 

VO 

0.006 

0.044 

0.030 

0.022 

explain  this  discrepancy.  It  was  also  found  that 
by  rejecting  those  Gaussian  peaks  with  low  curvefit 
correlation  coefficients  the  apparent  turbulence 
intensity  was  lowered;  however,  for  the  data  of 
Table  II  this  rejection  method  was  not  used.  Also 
the  logarithmic  least  squares  technique  weights 
those  samples  near  the  baseline  quite  heavily  which 
can  adversely  affect  the  curvefit  process  if  a  high 
threshhold  level  is  not  selected.  Unfortunately 
an  ordinary  least  squares  fit  would  require  a  non¬ 
linear  curvefitting  algorithm.  We  are  continuing 
experiments  to  gain  further  insight  into  the  accur¬ 
acy  and  limitations  of  the  LIV  concept. 

We  have  also  made  preliminary  investigations  of 
LSV  performance  on  the  laminar  jet.  The  two  beams 
were  oriented  at  some  predetermined  angle  (25° 
typical)  relative  to  the  known  preferred  flow  di¬ 
rection.  The  standard  deviations  of  LSV  measure¬ 
ments  to  date  are  considerably  higher  than  for  the 
LIV  or  L2V  since  errors  in  the  LIV  measurement  pro¬ 
pagate  through  the  LSV  calculations.  However,  the 
measured  mean  flow  angles  agree  reasonably  with  the 
known  flow  angle.  Improvements  in  the  accuracy  of 
LIV  measurements  will  be  Important  in  the  practical 
success  of  the  LSV  concept. 

Conclusions 

Several  recent  developments  in  non-Ooppler 
laser  velocimeters  show  the  potential  for  substan¬ 
tive  advantages  over  conventional  LDV.  The  LIV  uses 
a  single  laser  beam  for  a  velocity  measurement  and 
has  the  obvious  advantage  of  a  simple  optical  system. 
The  LSV  is  a  hybrid  two-spot  velocimeter  L2V  which 
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Applied  Optics  17:1486  (1978). 
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uses  the  principle  of  the  LIV  to  measure  two  velo¬ 
city  components  with  essentially  the  hardware  of  a 
single  channel  LOV. 

Ue  have  designed  and  tested  LIV  and  LSV  sys¬ 
tems  on  a  laminar  Jet  and  found  the  results  to  be 
quite  encouraging.  A  microprocessor-based,  di¬ 
gital  data  acquisition  and  processing  design  proved 
quite  advantageous,  and  future  developments  In 
electronics  will  continue  to  make  this  approach 
more  viable.  Further  experiments  and  detailed  com¬ 
parisons  of  LOV  and  non-Doppler  LV  systems  In 
identical  flow  systems  1s  warranted. 
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Laser-based  single  particle  counters  for  in  situ 
particulate  diagnostics 
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Abstract.  Optical  techniques  for  particulate  analysis  have  inherent  and 
significant  advantages  over  those  conventional  methods  which  involve 
batch  sampling  and  subsequent  analysis.  Optical  particle  diagnostic 
techniques  can  be  divided  into  three  broad  categories:  ensemble 
methods  which  analyze  the  integrated  optical  properties  of  an  assembly 
of  particles;  single  particle  counters  (SPC)  which  analyze  individual  par¬ 
ticles;  and,  finally,  imaging  techniques  based  on  photography  or 
holography.  This  paper  is  primarily  concerned  with  laser-based  single 
particle  counters  applicable  to  in  situ  sizing  of  particles  and  droplets  in 
the  diameter  range  0.1  ftm  to  1  mm.  Theoretical  principles  of  the  various 
single  particle  counter  designs  are  discussed  with  emphasis  on  compar¬ 
ing  performance  characteristics  and  relative  advantages.  The  effects  of 
size-dependent  sample  space,  nonspherical  particles,  unknown  particle 
composition,  and  applicable  size  ranges  are  considered. 


Keywords:  laser;  particulates;  diagr^ostics;  optical  particle-sizing;  aerosol;  combustion. 
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1.  INTRODUCTION 

The  inherent  advantages  of  optical  techniques  for  particulate 
analysis  have  been  responsible  for  considerable  research  and 
development  over  the  past  years.  Optical  methods,  as  compared  to 
conventional  batch  sampling  techniques  with  external  particle 
analysis,  are  closer  to  real  time,  eliminate  handling  of  the  sample, 
and  generally  do  not  interfere  with  the  aerosol  processes  of  interest. 
tn-situ  optical  techniques  are  not  without  disadvantages  as  they  re¬ 
quire  optical  access,  require  relatively  sophisticated  instrumenta¬ 
tion,  and  are  presently  unable  to  provide  detailed  information  on 
the  chemical  composition  of  the  particles.  The  optical  diagnostics 
also,  because  of  their  remote  nature,  suffer  from  an  additional 
uncertainty  not  present  when  a  particulate  sample,  however  biased, 
is  physically  in  hand.  Furthermore,  optical  methods  are  still  for  the 
most  part  in  the  development  or  demonstration  phases  rather  than 
being  widely  accepted  methods  for  particulate  monitoring  in  am¬ 
bient  or  stack  gases. 

Optical  techniques  for  particle  measurements  can  be  divided  into 
three  broad  areas.  Ensemble  analyzing  methods  are  so  described 
because  the  light  scattering  or  extinction  integrated  over  the  con¬ 
tributions  from  a  large  number  of  particles  is  used  to  determine 
parameters  of  the  particle  size  distribution.  In  contrast,  single  parti¬ 
cle  counters  (SPC)  analyze  individual  particles  traversing  a  relative¬ 
ly  small  optical  sample  volume,  and  a  sequence  of  particles  are 
sampled  in  order  to  build  up  a  discrete  size  distribution. 
Photographic  and  holographic  methods  analyze  simultaneously 
recorded  images  of  a  number  of  individual  particles  to  similarly 
build  a  discrete  particle  size  histogram.  Single  particle  counters  are 
the  optimum  choice  for  sizing  micron  and  submicron  particles  in 
applications  demanding  high  specificity  and  the  potential  for 
simultaneous  velocity  measurements,  with  requirements  for  tem¬ 
poral  resolution  of  a  few  seconds  and  spatial  resolution  on  the 
order  of  1  mm^.  The  existing  commercial  technology  of  imaging 
techniques  is  generally  limited  to  particles  larger  than  a  few 
micrometers  with  time  response  longer  than  a  few  seconds.  There 
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is,  however,  considerable  research  in  progress  on  nearly  real-time 
analysis  of  particle  field  holograms.'  Ensemble  methods  are  also 
difficult  to  apply  to  submicron  particles,  may  give  erroneous  data 
for  bimodal  particle  size  distributions,  and  are  generally  line-of- 
sight  methods  with  relatively  poor  spatial  resolution. 

This  paper  is  directed  to  those  applications  where  in  situ,  SPC 
measurements  are  advantageous.  An  overview  of  SPC  techniques  is 
presented,  and  the  relative  advantages  and  regimes  of  applicability 
of  the  various  SPC  concepts  are  discussed. 


2.  LASER/OPTICAL  SINGLE  PARTICLE  COUNTERS 
(SPC) 

A  generalized  schematic  of  an  optical  SPC  is  presented  in  Fig.  1. 
The  output  beam  from  a  la.ser  or  other  source  of  radiation  is 
directed  (and  typically  focused)  into  the  optical  sample  volume. 
This  sample  or  probe  volume  can  be  thought  of  as  that  region  of 
space  where  a  single  particle  can  generate  a  sufficient  detector 
signal  to  be  discriminated  or  “seen”  over  the  background  noi.se.  As 
individual  particles  pass  through  the  sample  volume  they  interact 
with  the  incident  radiation  beam  (i.e.,  scatter,  absorb,  and/or 
fluoresce  light)  and  are  observed  by  detection  optics  oriented  at 
some  angle(s)  9  with  respect  to  the  beam  propagation  direction.  The 
single  particle  signatures  obtained  at  the  photodetector  are  pro¬ 
cessed  to  provide  information  on  the  size  of  each  particle. 

One  family  of  particle  counters,  designated  here  as  sampling  SPC 
as  opposed  to  in  siiti  SPC,  has  been  commercially  available  for 
many  years.  These  sampling  SPCs  direct  a  batch  sample  of  the 
aerosol  of  interest  through  a  well-defined  optical  sample  volume  in¬ 
ternal  to  the  instrument.  The  reader  is  referred  to  the  accompany¬ 
ing  paper  by  Lieberman'  for  more  discussion  of  sampling  SPCs. 

2a.  Radiation  cross  section  measuring  techniques 

The  most  common  approach  to  particle  sizing  involves  the  principle 
that  the  magnitude  of  radiation-particle  interaction  is  a  noniinalK 
inonotonic  increasing  function  of  particle  size;  hence,  measurement 
of  a  radiation  cross  section  can  be  used  to  infer  particle  size.  I  he 
SPC  signal  response  S  to  a  particle  in  an  incident  radiation  field 
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Fig.  1.  Optical  techniques  for  particle  or  droplet  size  measurements. 
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Fig.  2.  Response  function  tor  a  SPC  collecting  all  forward  scattered  light  be¬ 
tween  »  =  5.5  and  6.5  .  The  data  were  calculated  from  Lorenz-Mie  theory  tor 
scattering  by  spherical  particles.  The  solid  line  corresponds  to  the  refractive 
index  of  a  liquid  hydrocarbon  (n  -  1.40)  and  the  dashed  line  is  for  soot  (n  - 
1.56-0.47i). 


(uniform  over  the  particle)  of  intensity  1^  is  given  by: 

S  kl„C,  (I) 

where  k  is  the  system  gain  in  converting  radiant  energy  to  voltage 
using  a  photodetector;  C'j  is  the  appropriate  partial  cross  section  for 
the  radiation  process  under  study.  The  partial  cross  sections,  as  op¬ 
posed  to  total  cross  sections,  depend  on  the  specific  finite  aperture 
detector  configuration  in  use.  The  cross  sections  of  interest  here  arc 
designated  by  the  subscripts:  sc  for  light  scattering,  ex  for  extinc¬ 
tion,  and  f  for  lluorescence  cross  sections.  For  light  scattering  and 
extinction  by  spherical  particles  the  cross  sections  are  functions  of 
the  particle  diameter  d,  the  complex  refractive  index  n,  and  the 
radiation  wavelength  X  as  predicted  by  the  l.oren/-Mie  theory. 
Thus,  a  response  function  S(d)  relating  measured  signal  levels  to 


the  diameters  of  spherical  particles  of  known  refractive  index  pass¬ 
ing  through  a  SPC  sample  volume  of  known  incident  intensity  Iq 
and  given  k  can  be  determined  from  theoretical  calculations  of 
Cjld). 

A  plot  of  partial  light  scattering  cross  section  for  spherical  par¬ 
ticles  illuminated  by  a  coherent  uniphase  wave  calculated  using  a 
I  oren/-Mie  theory  computer  code’  is  given  in  Fig.  2.  The  calcula¬ 
tions  are  for  an  off-axis  f/2  collection  lens  centered  at  0  =  20°  from 
the  incident  radiation  propagation  direction  (forward  scattering). 
The  oscillatory  nature  of  the  plots  is  a  result  of  resonance  interac¬ 
tions  in  the  scattering  process  and  creates  the  common  uniqueness 
problem  of  multivalued  SPC  response  functions.  The  use  of  broad¬ 
band  radiation  in  a  scattering  SPC  can  damp  out  these  oscillations 
as  shown  in  the  paper  by  Lieberman.'  Knollenberg*  has  shown  that 
use  of  a  multimode  laser  (nonuniform  phase)  can  also  significantly 
decrease  these  oscillations.  Extinction  coefficient  plots  are 
qualitatively  similar  to  that  of  Fig.  2  as  indicated  in  the  papers  by 
Knollenberg*  and  Faxvog.’ 

On-line  applications  for  in  situ  particle  analyzers  require  working 
spaces  up  to  tens  of  cm,  which  places  practical  limits  on  the  detec¬ 
tor  collection  aperture.  In  order  to  generate  sufficient  signal  levels 
from  individual  submicron  particles  in  these  applications  it  is  in¬ 
variably  necessary  to  use  a  laser  for  sufficiently  high  incident  inten¬ 
sity.  Unfortunately,  lasers  introduce  some  problems  not  present 
with  incoherent,  broadband  (white  light)  radiation  sources. 

Another  problem  inherent  in  using  the  laser  as  a  SPC  radiation 
source  is  the  nonuniform  intensity  profile  across  the  beam.'  Unfor¬ 
tunately,  an  ambiguity  in  signal  levels  arises  for  in  situ  SPC  since 
the  particles  are  free  to  traverse  the  sample  volume  at  any  position. 
Thus,  particles  will  experience  different  peak  incident  intensities  1 
and  even  a  monodisperse  (uniform  size)  aerosol  will  generate 
broad  distribution  of  signal  amplitudes  S. 

A  number  of  methods  have  been  devised  to  eliminate  the 
unknown  incident  intensity  effect  in  cross-section  measuring 
techniques.  Two  basic  approaches  include:  (1)  analysis  of  only 
those  particles  which  pass  through  a  selected  portion  of  the  beam  of 
known  and  constant  intensity  and  (2)  analysis  of  all  particles  and 
later  correction  of  the  distribution  of  particle  trajectories  and  cor¬ 
responding  incident  intensities.  The  early  laser  light  scattering  SPC 
of  Fleyder  et  al.'  aerodynamically  focused  the  aerosol  sample 
through  a  small  region  at  the  center  of  the  laser  beam  of  known  and 
constant  intensity.  For  in  situ  measurements  various  optical 
methods  of  discriminating  those  particles  which  pass  through  a 
control  portion  of  the  beam  have  been  used,  including  coincidence 
detectors  at  90°  by  Fliricman"  and  Chigieret  al.’  and  in  the  forward 
direction  by  Knollenberg.'"  This  approach  becomes  very  difficult 
for  small  laser  focus  diameters  and  another  approach  utilized  by 
Knollenberg’  and  laser  by  Faxvog"  involved  the  use  of  single  parti¬ 
cle  extinction  and  the  TEMqj*  or  “donut”  mode  la.ser  beam.  With 
this  concept  those  particles  passing  through  the  “donut  hole” 
which  generate  double  pulse  signatures  all  experience  the  same 
maximum  incident  intensity.  The  instrument  of  Faxvog'  then 
discriminates  and  analyzes  only  particles  signatures  with  this  dou¬ 
ble  pulse  and  thus  fixes  1q  in  Eq.  (1).  This  concept  of  determining 
l^,  could  also  be  u.sed  with  light  scattering  or  fluorescence  in  addi¬ 
tion  to  extinction  although  apparently  neither  has  been  tried  to 
date. 

A  second  general  approach  to  the  ambiguous  incident  intensity 
problem  is  to  correct  after  the  fact.  One  implementation  of  this  ap¬ 
proach  demonstrated  by  Holve  and  Self  -  is  to  first  consider  the 
peak  signal  height  distribution  generated  by  particles  of  one  size 
passing  with  equal  probability  through  all  portions  of  the  laser 
beam  fiKus  region.  The  signal  height  distribution  from  a 
polydispersion  is  then  a  linear  combination  of  the  monodisperse 
particle  response  distributions.  A  numerical  scheme  was 
developed'"  to  invert  the  resulting  system  of  equations  and  solve  for 
the  linear  coefficients  which  arc  proportional  to  concentrations  in 
the  discretized  panicle  size  intervals.  The  method  of  FloKc  and 
Self"  has  been  tested  only  for  light  scattering  measurements 
although  the  concept  is  readily  extendable  to  either  extinction  or 
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tluorescenee  systems. 

Another  somewhat  similar  approach  recently  proposed  by 
Hirleman"  involves  the  use  of  signals  generated  by  particles  traver¬ 
sing  two  adjacent  laser  beams.  The  dual  peak  signature  is  used  to 
determine  two  velocity  components  and  the  trajectory  of  each  par¬ 
ticle.  Given  known  laser  beam  properties  the  incident  intensity 
history  for  a  particle  is  then  completely  determined  which  permits  a 
real-time  correction  for  the  intensity  ambiguity.  After  Iq  in  Eq.  (I) 
is  determined  a  calibrated  response  function  prediction  such  as  Fig. 
2  would  be  used  to  relate  signal  amplitudes  to  particle  size.  This 
technique''  has  been  proposed  for  light  scattering,  extinction,  and 
fluorescence  cross  section  measurements  although  experiments  to 
date  have  used  only  light  scattering.'* 

2b.  Scattering  ratio  techniques 

A  second  method  of  eliminating  the  incident  intensity  ambiguity 
which  is  applicable  to  light  scattering  techniques  is  to  analyze  the 
angular  scattering  pattern  and  effectively  normalize  out  the  inci¬ 
dent  intensity  factor.  This  approach  is  commonly  used  in  light  scat¬ 
tering  ensemble  analyzing  techniques  (nephlometry)  since  the  scat¬ 
tering  pattern  on  the  average  is  constant  in  time  and  a  single  detec¬ 
tor  can  be  rotated  around  the  sample  to  different  scattering  angles 
relative  to  the  incident  laser  beam.  Phillips  and  Wyatt”  have 
discussed  a  similar  instrument  for  single  particles  suspended  in  a 
laser  beam  although  in  situ  analysis  with  this  concept”  is  impossi¬ 
ble.  To  observe  the  normalized  scattering  pattern  in  real  time  re¬ 
quires  an  array  of  detectors  placed  at  strategic  scattering  angles. 
Hodkinson'*  suggested  and  Gravatt”  tested  the  use  of  ratios  of 
signals  at  two  scattering  angles  for  single  particle  sizing.  A  response 
curve  for  the  ratio  technique  as  calculated  by  Lorenz-Mie  theory  in¬ 
dicates  multivalued  response  problems  as  shown  in  Fig.  3  and  the 
addition  of  more  angles  providing  additional  signal  ratios 
eliminates  the  ambiguity  as  discussed  by  Flirleman.'  The  multiple 
ratio  single  particle  counter  (MRSPC)'  concept  has  been  used  with 
four  angles  although  it  becomes  less  practical  as  the  number  of 
angles  increases.  Bartholdi  et  al.”  have  used  a  photodiode  array  to 
get  a  finely  resolved  measurement  of  the  angular  scattering  pattern 
from  individual  particles.  This  diode  approach  for  SPC  has  con¬ 
siderable  promise  and  will  probably  be  used  in  the  future. 

2e.  Interferometric  or  crossed-beam  techniques 

A  third  approach  which  can  provide  particle  size  information  in¬ 
dependent  of  incident  intensity  is  particle  sizing  interferometry 
(PSI).  As  a  single  particle  passes  through  the  intersection  region  of 
two  nonparallel  laser  beams,  Doppler-shifted  scattered  light  waves 
from  each  beam  emanate  from  the  particle.  Heterodyning  the  two 
contributions  of  scattered  light  at  a  detector  will  produce  the 
Doppler-difference  frequency  which  is  directly  related  to  the  parti¬ 
cle  velocity  and  the  angle  between  the  laser  beam  propagation  vec¬ 
tors.  This  principle  underlies  the  laser  Doppler  velocimeter  (LDV). 
A  particle  crossing  the  LDV  beam  intersection  region  will  produce 
an  approximately  Gaussian  signal  (pedestal)  with  the  modulated 
Doppler-difference  component  written  on  the  pedestal.'"  The  ratio 
of  the  modulated  signal  amplitude  to  the  pedestal  amplitude  (i.e., 
the  visibility  or  contrast)  provides  a  measure  of  particle  size  as 
shown  by  Farmer'"  and  others''-'’  who  used  a  scalar  description  of 
the  process.  For  large  apertures  which  collect  all  of  the  forward 
scattered  (diffracted)  light  the  visibility  V  as  a  function  of  particle 
diameter  d  and  fringe  spacing  A  was  shown  by  Robinson  and  Chu'” 
to  be: 

2.1  |(ird/A) 

V  -  (2) 

xd/A 

where  J|  is  a  first  order  Bessel  function  of  first  kind.  A  plot  of  V  is 
given  in  Fig.  4. 

Calculations  considering  the  complete  problem  of  scattering  by  a 
sphere  simultaneously  in  two  coherent,  collimated  laser  beams’" 
predicted  a  strong  dependence  of  the  visibility  on  particle  refractisc 


Fig.  3.  Response  function  for  a  ratio-type  light  scattering  SPC.  The  data  were 
calcutated  lor  spherical  particles  with  n  =  1.56-0.47  (soot)  and  x  =  0.488^0). 
The  scattering  angle  pairs  are  a)  48°(24°,  b)  24°(t2°.  c)  12°(6°,  d)  6°f3°.  e) 
3°/1.5*,  I)  1*/0.5°.  and  g)  0.S°(0.2S°.  The  latter  cunres  were  truncated  at  the 
first  minimum  although  all  of  the  response  curves  have  oscillations  after  the 
first  minimum  similar  to  the  data  lor  4B°/24°. 


Fig.  4.  Calculations  lor  Ihe  fringe  visibility  V  as  a  function  of  particle 
diameters  to  fringe  spacing  ratio  dix  lor  particle-sizing  interferometers  (PSI). 
The  date  apply  to  a  PSI  collecting  all  of  the  forward-scattered  light"  and  to  an 
off-axis  refractive  scatter  PSI"  with  an  1(2  collection  lens  oriented  at  n  20  °. 


index,  the  detector  aperture,  and  detector  position  relative  to  the 
beams.  A  number  of  experimental  studies  have  confirmed  the  im¬ 
portance  of  careful  receiving  optics  design,""'"'  although  connici- 
ing  observations  have  also  been  made.  '" 

Another  related  approach  is  the  off-axis  PSI  proposed  by 
Bachalo”  which  utilizes  the  interference  of  refracted  or  reflected 
light  scattering  contributions  rather  than  the  diffractive  scatter  of  a 
conventional  PSI.'"  This  method  is  applicable  to  particles 
significantly  larger  than  the  wavelength  and  is  based  on  the  dif¬ 
ference  in  optical  path  length  traveled  by  refracted  rays  from  the 
two  crossed  beams  which  pass  through  the  particle  and  arrive  coin- 
cidently  at  the  detector.  The  visibility  response  function  for  a 
typical  off-axis  PSI  collection  angle"'  of  20  is  also  shown  in  Fig.  4. 
Ihe  expanded  d/A  sizing  range  for  this  concept”  is  apparent. 

Ihe  use  of  Ihe  Doppler-difference  laser  xelocinieter  for  sizing 
lluorescenl  particles  using  Ihe  modulation  (visibility)  of  lluorcscenl 
radiation  signals  has  been  proposed  by  dos  Santos  and  Stevenson.'* 
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TABLE  I.  Diameter  of  a  spherical  soot  particle  (n  =  1.56— .471)  with 
partial  light  scattering  cross  section  equivalent  to  that  of  indicated 
background  contaminants  in  a  scattering  volume  of  tt  x  10'^  cm3. 
Data  tor  x  =  0.488  *im. 


Air 

Molecules 
(1  atm.  300  K) 

10^  cm'^ 

40  nm  Soot 
Particles 

10®  cm  ® 
40  nm  Soot 
Particles 

f/4  lens 
at  90° 

.028  (xm 

.048  (xm 

.106  /xm 

f/4  lens 
at  10° 

.028  ><m 

.048  fxm 

.102  /xm 

Annular 

Receiver 

5.5°-6.5° 

.028  (xm 

.048  /xm 

.103  /xm 

The  nature  of  the  nonresonant  fluorescence  process  makes  the 
lluorescent  radiation  nominally  incoherent  and  isotropic.  The 
tluorescence  visibility  is  claimed  to  be  independent  of  detector  con- 
figuration-'  although  recent  calculations  by  Kratohvil  et  al.’"  in¬ 
dicate  some  nontrivial  effects.  Detailed  e.xperiments  on 
tluorescence  visibility  for  different  detector  orientations  have  not 
been  performed,  although  calibration  experiments  were 
successful. 

3.  DISCUSSION 

The  theoretical  principles  of  the  various  in  situ  single  particle 
counters  were  developed  in  the  previous  section.  In  this  portion  of 
the  paper  some  practical  aspects  of  SPC  applications  are  addressed. 
Important  SPC  performance  characteristics  including:  applicable 
particle  size  range;  particle  shape  and  refractive  index  effects;  size- 
selective  sampling  bias  or  sample  space;  and  resolution  are  dis¬ 
cussed. 

3a.  Size  range 

The  three  important  characteristics  for  evaluating  the  performance 
of  a  SPC  in  terms  of  the  applicable  particle  sizing  range  are:  the 
lower  or  threshold  size  limit;  the  upper  size  limit;  and  the  dyamic 
range  of  a  particular  SPC  configuration.  A  controlling  parameter 
in  all  optical  particle  diagnostics  is  the  ratio  of  some  particle  length 
scale  to  wavelength,  typically  the  particle  circumference  to 
wavelength  ratio  n  =  ird/\.  SPC  instruments  are  considered  here 
in  detail  followed  by  a  discussion  of  possible  future  advances. 

The  lower  particle  sizing  limit  of  a  SPC  can  be  controlled  by 
either  signal/noise  considerations  or  insensitivity  of  the  response 
function  at  small  particle  sizes. 

Consider  a  volume  of  rr  x  10"^  cm^  determined  by  a  laser  focus 
waist  diameter  of  20  gm  at  the  l/e^  intensity  points  and  truncated 
to  an  axial  length  of  I  mm  by  the  detection  optics  field-of-view. 
This  volume  is  representative  of  the  sample  volume  for  a  forward 
-catter  SPC  with  a  working  space  of  tens  of  cm.  The  data  of  Table  1 
indicate  the  soot  particle  sizes  with  equivalent  light  scattering  cross 
sections  for  several  examples  of  background  scattering  which  might 
be  encountered  in  practice.  Thus  a  single  soot  particle  of  diameter 
0.106  gm  when  illuminated  with  0.488  ;jm  radiation  would  scatter 
the  same  amount  of  energy  into  f/4  receiving  optics  at  90"  as 
lO^'cm-^  40  nm  soot  particles  in  a  tt  x  10'^  cm^  sample  volume. 

Particle  diameters  as  indicated  in  Table  1  would  be  indicative  of 
threshold  size  limits  for  scattering  cross  section  SPC  and  would  be 
lower  bounds  for  ratio-type  and  interferometric  devices.  The  latter 
devices  may  be  further  constrained  by  a  decreasing  sensitivity  of  the 
response  function  to  particle  size  for  small  particles.  For  example, 
the  12  /6  '  ratio  response  of  Fig.  3  flattens  out  for  sizes  below  0.3 
;jm.  For  larger  scattering  angle  pairs  the  sensitivity  to  small  particles 
increases;  and  taking  a  generous  largest  scattering  angle  of  30 "  for  a 
30  /15"  ratio  (f/1.4  receiving  optics)  results  in  reasonable  sensitiv¬ 
ity  for  soot  particles  down  to  about  0. 1  gm.  This  lower  limit  was  ar¬ 


TABLE  II.  Size  range  characteristics  lor  single  particle  counters 
using  visible  radiation.  Dynamic  range  is  defined  here  as  the  ratio 
oi  upper  to  lower  size  limits  for  a  single  system  configuration;  i.e., 
interchangeable  optics  and  cascading  systems  were  not  con¬ 
sidered.  Values  taken  from  the  literature  are  referenced. 


Lower 

Limit 

Upper  Limit 

Dynamic  Range 

Ratio  Counter 
(MRSPC) 

0  1 

/ifn 

10  /xm 

20:1' 

PSI 

1 

/iin 

200  /xm 

10:1“ 

Refraclive/Reflective 
Scattering  PSI 

3 

/xm” 

5  mm” 

10:1“ 

Scattering 
Cross-Section  SPC 

0,1 

100  /xm 

16:1” 

Extinction 
Cross-Section  SPC 

0.04 

10  /xm 

25:1 

bitrarily  defined  as  that  size  where  the  derivative  of  the  ratio 
response  function  with  respect  to  particle  diameter  (i.e.,  sensitivity) 
drops  to  50%  of  the  maximum  value.  This  estimated  threshold  size 
of  0.1  /rm  for  the  response  sensitivity-limited  case  (rather  than  the 
signal/noise-limited  case)  is  reflected  in  Table  II.  In  practice  the 
typical  lower  limits  have  been  about  0.3  gm^’“  for  maximum 
12°/6°  ratios.  Flowever,  Bachalo  and  Fless^’  discuss  ratio 
measurements  at  60°/30°  down  to  0.1  gm. 

The  practical  lower  size  limit  of  PSl  particle  counters  is  a  subject 
of  conflicting  opinions  in  the  literature.  Bachalo  and  Fless^’  suggest 
3  «im  as  a  lower  practical  limit.  Farmer”  reports  independently 
verified  backscatter  PSI  measurements  of  water  droplets  of  2  gm  to 
30  (im  diameter  in  addition  to  noncalibrated  measurements”  of 
0.1  /xm  to  7.0  jxm  particles.  Flowever,  data  for  the  submicron 
range”  were  taken  with  only  four  particle  size  intervals. 

The  extinction  SPC  of  Faxvog”  was  designed  with  the  objective 
of  measuring  very  small  particle  sizes.  This  configuration  is  advan¬ 
tageous  because  small  particles  (a  .S  1)  have  extinction  cross  sec¬ 
tions  which  are  generally  larger  than  the  light  scattering  cross  sec¬ 
tions.  Faxvog”  reports  lower  size  limits  of  0.04  /itn  for  absorbing 
particles  (e.g.,  soot)  and  about  0. 1  t*m  for  nonabsorbing  particles  as 
determined  by  signal/noise  considerations. 

The  fluorescence  methods  in  general  have  significantly  lower 
background  noise  because  fluorescence  is  predominantly  at 
wavelengths  longer  than  the  laser  line  and  scattered  radiation  at  the 
la,ser  wavelength  can  be  blocked  out.  However,  the  fluorescence 
cross  sections  and  hence  fluorescence  signals  will  generally  be 
smaller  than  elastic  light  scattering  signals.  This  technique  has  no 
response  function  limitation,  and  any  estimate  of  the  signal/noise 
constrained  lower  limit  would  require  information  on  the  amount 
of  fluorescent  species  in  a  given  particle  and  the  noise  contributions 
other  than  laser  light  scattering.  Unfortunately,  no  experimental 
studies  on  fluorescence  cross  section  have  been  made,  the  value  of 
0.5  /xm  in  Table  II  was  estimated. 

The  fluorescence  visibility  concept”  has  a  response  function 
identical  to  that  for  forward  scatter  PSl  as  in  Fig.  4.  Therefore,  the 
response  sensitivity  limitations  of  the  PSI  will  also  apply  to  the 
fluorescence  visibility  approach.  The  signal/noise  limit  will  be 
similar  to  that  imposed  on  fluorescence  cross  section,  and  thus,  the 
visibility  response  function  considerations  will  limit  this  method  as 
indicated  in  Table  II. 

Dynamic  range 

The  data  in  Table  II  are  for  a  single  SPC  configuration;  i.e.,  neither 
alterations  in  the  optical  system  nor  cascading  of  systems  was  con¬ 
sidered.  The  multiple  ratio  concept  as  discussed  by  Hirleman'  uses 
only  one  laser  beam  and  multiple,  simultaneous  detectors  and  as 
such  was  considered  in  Table  II  as  a  single  configuration.  Dynamic- 
range  of  the  PSI  and  ratio  techniques  arc  inherently  response- 
function-limitcd  as  a  result  of  size  insensitivity  for  small  particles 
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and  multivalued  oscillating  response  function  behavior  after  the 
first  minimum.  The  light  scattering  methods  in  particular  are  af¬ 
fected  by  the  large  range  in  cross  section;  e.g.,  for  particles  from 
0.1  /xm  to  10  ^xm  diameter  varies  over  about  8  orders  of 
magnitude  for  the  system  of  Fig.  2.  This  puts  very  difficult  re¬ 
quirements  on  the  electronics  and  thereby  limits  the  ranges  as  in¬ 
dicated.  The  fluorescence  visibility  method  would  have  the  same 
dynamic  range  limitations  as  light  scattering  PSI,  but  fluorescence 
cross  section  methods  fare  better  in  some  cases  since  the 
fluorescence  signals  would  go  as  d^  (volume)  as  compared  to  scat¬ 
tering  which  varies  as  d^  in  the  Rayleigh  regime  (7rd/X*<  1)  with  a 
transition  to  a  d^  dependence  in  the  diffraction  regime  (ird/X>  I). 


Future  advances 

The  upper  size  limits  of  SPC  are  adequate  for  most  applications 
which  might  be  encountered.  The  dynamic  ranges  are  reasonable, 
and  improvements  will  most  likely  come  at  the  expense  of  increased 
complexity,  probably  by  cascading  instruments.  There  is,  however, 
a  clear  need  to  lower  the  sizing  range  of  SPC  as  far  as  possible  into 
the  range  .01  /xm  to  0.1  /xm  where  a  number  of  important 
phenomena  take  place.  The  nucleation  and  growth  of  combustion 
particulates  such  as  soot  and  flyash  occur  in  this  range  along  with 
some  important  atmospheric  aerosol  processes. 

One  approach  is  to  lower  the  laser  probe  wavelength  to  analyze 
smaller  particles.  Unfortunately,  wavelengths  below  about  2(X)  nm 
are  highly  absorbed  by  the  atmosphere  and  10  cm  or  longer 
pathlengths  would  be  a  problem.  Also,  continuous  wave  (CW)  laser 
power  in  the  ultraviolet  is  not  presently  available  at  reasonable 
power  due  to  the  inefficiency  of  frequency  doubling  crystals  at  low 
power  densities.  The  use  of  pulsed  lasers  or  excimer  lasers  may  pro¬ 
vide  some  advances  in  small  particle  sizing,  although  only  about  a 
factor  of  two.  Other  problems  are  the  increased  background  scat¬ 
tering  from  molecules  in  the  scattering  volume  (oe  l/X**)  and  the 
high  number  densities  of  these  small  particles  which  may  be  as  great 
as  10**^  cm'^.  A  sample  volume  of  10'*®  cm^  (approximately  a 
5  /xm  cube)  might  be  possible  using  microscope  objectives,  but  the 
working  space  would  be  severely  limited.  Improvements  in  lower 
size  thresholds  of  greater  than  about  a  factor  of  two  for  in  situ  SPC 
measurements  seem  rather  unlikely, 


3b.  Sample  space  considerations 

The  optical  sample  volume  or  probe  volume  of  a  SPC  is  defined  as 
the  locus  of  points  in  space  where  a  particle  can  generate  a  signal  of 
sufficient  magnitude  (i.e.,  a  valid  signal)  to  be  resolved  over  the 
background  noise.  The  sample  volume  therefore,  depends  upon 
both  the  laser  beam  intensity  distribution  and  the  fields  of  view  of 
the  SPC  detector(s).  Typically  the  axial  extent  of  the  sample 
volume  (in  the  laser  beam  direction)  is  controlled  by  the  detection 
optics,  and  the  radial  extent  by  the  laser  focus  intensity  distribu¬ 
tion.  This  radial  extent  is  often  defined  solely  in  terms  of  incident 
laser  intensity  levels,  e.g.,  the  l/e^  points  for  single  beam  SPC  or 
the  |/e^  modulation  contour’’  for  I.DV/PSl  type  instruments. 
However,  this  approach  leads  to  serious  errors  when  attempts  are 
made  to  interpret  valid  signal  data  rates  in  terms  of  particle  size 
distributions.  This  is  due  to  a  strong  data  rate  bias  toward  particles 
with  large  radiation  cross  sections.  This  is,  for  a  given  background 
noise  level  and  associated  signal  processing  threshold  a  large  parti¬ 
cle  can  generate  a  valid  signal  at  points  farther  off-axis  (lower  inci¬ 
dent  laser  intensity)  than  can  a  smaller  particle.  The  sample  volume 
for  particles  smaller  than  the  lower  threshold  limit  is  zero  as  they 
cannot  generate  signals  of  sufficient  amplitude  even  at  the 
geometric  laser  focus  center  of  highest  intensity. 

An  expression  for  the  sample  rate  N  (valid  particle  signals/sec) 
for  particles  with  diameter  d  is  given  by: 


N  (d)  (d) .  A,,(d)  •  N  (d) 


(-3) 


where:  is  the  particle  vek>city  component  normal  to  the  laser 

beam;  and  N  is  the  number  density  (particles/cm-^),  l:q.  (.3)  is  usu¬ 


Fig.  5.  Plot  of  sensitive  area  vs  particle  size  lor  12  °/6°  ratio  pair.”  Piotted 
with  the  theoreticai  predictions  are  experimental  data  lor  polystyrene  calibra¬ 
tion  spheres  (n  =  t  .605)  taken  at  \  =  0.4416 /xm.  One  undetermined  calibra¬ 
tion  factor  lor  the  experimentai  data  (the  same  factor  lor  all  3  data  points) 
was  fixed  by  optimizing  the  fit  between  theory  and  experiment. 


ally  discretized  into  diameter  intervals  of  finite  width. 

To  utilize  Eq.  (3)  for  size  distribution  measurements  it  remains  to 
relate  a  measured  histogram  of  signal  levels  to  particle  .sizes,  i.e., 
for  each  discrete  signal  level  interval  or  "bin”  there  is  a 
corresponding  range  of  particle  diameters  which  generate  signals  of 
these  levels.  This  is  done  using  response  function  calculations  as 
plotted  in  Figs,  3  and  4.  Then  the  number  density  N  can  be  deter¬ 
mined  by  correcting  the  raw  data  rate  N  for  the  size  and  velocity 
biases  using  the  weighting  factor  l/Vj^Aj.  Note  that  A^  and  the 
response  function  relating  signal  levels  to  particle  sizes  are  actually 
functions  of  the  shapes  and  refractive  indices  of  the  particles  as 
well.  Eq.  (3)  also  indicates  the  necessity  for  simultaneous  size  and 
velocity  measurements  if  significant  variations  of  velocity  with  par¬ 
ticle  size  are  present.  Computer  predictions  of  A^ld)  for  a  ratio 
counter  are  presented  in  Fig.  5  for  a  12'"/6°  ratio  and  two  refractive 
indices.'  The  data  of  Fig.  5  accounted  for  the  laser  beam  intensity 
distribution,  the  light  scattering  properties  of  spheres,  the  fields  of 
view  of  the  detectors  and  threshold-type  signal  processing.  The 
dependence  of  Aj^  on  refractive  index  is  clear,  with  the  oscillating 
behavior  for  nonabsorbing  particles  similar  to  light  scattering 
response  functions.  In  practice,  A^(d)  for  the  absorbing  particles  is 
used  to  correct  for  size-selective  sampling  bias  when  particles  of 
unknown  refractive  index  are  being  analyzed.  A  similar  dependence 
of  PSI  sample  space  on  refractive  index  is  expected  although  de¬ 
tailed  calculations  have  apparently  not  been  reported  to  date. 

.Also  indicated  on  Fig.  5  are  some  recent  experimental  data  for 
A,^.'"  The  value  of  A,^  was  determined  experimentally  using  tq.  (3) 
by  independently  measuring  N(d)  with  a  9()  white  light  scattering 
SPC  which  has  a  well  defined  A,^  that  is  (except  for  edge  effects)  in¬ 
dependent  of  particle  size.  The  few  data  points  show  reasonable 
agreement  w  ith  predictions;  we  arc  continuing  these  experiments.  It 
seems  that  similar  but  more  detailed  sample  space  measurements 
for  bx)th  PSI  and  cross  section  measuring  SPC  are  warranted. 

rhe  technique  of  Hxtlvc  and  Self  '  is  unique  with  respect  to  sam¬ 
ple  spxtcc  considerations;  correction  for  size-selective  sample  space 
bias  is  inherent  in  the  data  inversion  method.  The  values  of  are 
effectively  calibrated  concurrently  with  the  particle  size  calibration 
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This  method  has  only  been  calibrated  tor  large  droplets  of  known 
refractise  index,  and  tor  the  analysis  of  particles  with  unknown 
properties  the  A,^  correction  will  be  uncertain  with  this  method  as 
well  as  with  the  SPC  techniques  discussed  previously. 

3c.  Nonspherical  particle  effects 

The  response  of  a  single  particle  counter  is  generally  related  to  par¬ 
ticle  si/e  using  a  combination  of  calibration  experiments  and 
theoretical  predictions.  Since  the  prediction  of  light  scattering  by  ir¬ 
regular  particles  is  in  general  impossible,  most  SPC  response  curves 
are  based  on  spherical  particles.  Unfortunately,  many  of  the  cur¬ 
rently  relevant  applications  for  in  situ  particulate  analysis  (e.g., 
combustion  exhaust)  involve  aerosols  containing  highly 
nonspherical  particles.  Thus,  questions  concerning  SPC  response 
to  nonspherical  particles  are  clearly  of  importance. 

When  analy/ing  a  nonspherical  particle  a  scattering  SPC  would 
measure  a  light- .cattering  equivalent  particle  diameter,  or  that 
diameter  corresponding  to  a  spherical  particle  of  the  calibration  in¬ 
dex  of  refraction  which  would  produce  a  signal  identical  to  the  one 
observed  from  the  nonspherical  particle.  Unfortunately,  a 
radiative-interaction-cquivalent  diameter  is  not  always  of  direct  in¬ 
terest,  except  possibly  for  visibility  and  radiation  studies.  Relating 
this  diameter  to  the  measure  of  interest,  e.g.,  aerodynamic 
equivalent  or  mass-equivalent  diameter,  is  then  imperative,  but  in 
general  uncertain.  This  is  true  because  SPC  response  to 
nonspherical  particles  can  be  highly  dependent  on  the  instrument 
configuration  and  the  unknown  particle  surface  characteristics. 

Very  few  detailed  studies  of  nonspherical  particle  effects  on  the 
in  situ  SPC  discussed  here  have  been  made.  One  exception  is  the 
ratio  counter  for  which  some  predicted  responses  to  nonspherical 
particles  are  presented  in  Table  III.  The  calculations  were  made 
using  a  diffraction  theory  approximation'  and  relate  response 
predictions  to  cross-sectional  area  equivalent  diameters  for  the  par¬ 
ticles  shown.  Here  area-equivalent  diameter  is  defined  as  dg^  = 
2(.A  TT)  '  where  A  is  the  projected  cross-sectional  area  of  the  parti¬ 
cle.  file  MRSPC  does  a  reasonable  job  of  measuring  a  projected 
panicle  si/c  with  typical  errors  on  the  order  of  2()*To  for  small  aspect 
ratios.  Note  also,  however,  that  the  response  is  independent  of  the 
third  dimension  (into  the  paper)  of  the  particles  in  Table  III,  and 
determination  of  the  mass  of  highly  unsymmetric  particles  with  a 
ratio  ctuinter  is  uncertain. 

.■\  few  in  siiii  single  particle  counting  experiments  with 
nonspherical  particles  have  been  made.  Moon  and  Hirleman"’"' 
are  using  the  vibrating  orifice  generator  method  to  generate  par¬ 
ticles  as  dime  by  Pinnick  et  al."’  to  characterize  the  ratio  counter 
response.  Holve  and  Self  '  analyzed  coal  particles  and  found 
reasonable  agreement  with  independent  Coulter  counter  data. 

In  most  studies  of  nonspherical  particle  effects  it  appears  that 
<iptical  SPt  measure  a  diameter  which  is  reasonably  close  to  some 
geometric  particle  length  scale  such  as  cross-sectional  area.  This  is 
encouraging,  hut  it  seems  that  additional  careful  experimenis 
should  he  done  to  further  justify  this  conclusion. 

.3d.  Refractive  index  effects 

I  he  -  las-ical  problem  of  sizing  particles  of  unknown  refractive  in¬ 
dex  h.is  been  imporlant  since  the  first  generation  ol  optical  particle 
counter-  It  ti.is  been  known  for  some  time  that  the  forward  scatter¬ 
ing  ^h.ir,i.,iciisiics  of  particles  and  droplets  are  relatively  indepen- 
deiii  .'I  :ltc  lelraclive  index  since  diffractive  scatter  rather  than 
icli.Kiivi.  .'I  rcflesiive  scatter  dominates,  for  this  reason,  most  of 
ihc  in  ii;,i  sl'(  discussed  here  ,ire  operated  m  a  lorw.ird  scattering 
modi. 

I  igiiie  2  gives  .111  indication  ot  the  variation  ol  light  scattering 
^ross  .cciioiis  with  icliticlive  index.  SPC  response  curves  for  pai- 
ticles  with  some  .ihsorhiion  (imaginary  component  O.lll)  In  the 
relr.ic  live  mdev  gener.illv  collapse  onto  a  common  curve  to  within  ,i 
tew  per.eiii  ■  lo  minimize  errors  ilie  response  fuiiciion  lor  .m 
.ibsoibing  p.irlicle  is  usually  assumed,  with  the  scalleiiiig 
cliaiacieiisiis .  ol  noiiab  .orhiiig  p.irlicles  Ivpicallv  oscill.iiing  .iboul 


TABLE  III.  Predictions  for  12°/6°  ratio-type  single  particle  counter 
response  to  nonspherical  particles.  The  projected  particle  cross- 
sections  indicated  were  scaled  to  various  area-equivalent 
diameters  and  the  particle  diameter  predicted  as  the  ratio 
counter  response  is  tabulated.  Thus,  according  to  the  predictions, 
a  doublet  particle  with  dge  =  Fin  (made  up  of  2  primary  par¬ 
ticles  ol  diameters  0.66  gm)  would  be  sized  at  1 .00  gm  dia  meter  by  a 
12°/6°  ratio  counter.  Predicted  responses  are  based  on  a  diffrac¬ 
tion  theory  approximation',  and  are  independent  of  particle  orienta¬ 
tion  in  the  plane  ot  the  paper. 
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0.47  gm 
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this  curve.  Detailed  calculations  of  response  functions  for  a  large 
number  of  collection  optics  geometries  published  by  Oeseburg’' 
afso  show  the  general  behavior  indicated  in  Fig.  4  including  the 
multivalued  response  regions.  In  situ  measurements  in  applications 
where  there  is  no  a  priori  knowledge  of  the  aerosol  refractive  index 
will  typically  incur  maximum  sizing  uncertainities  of  50  to  lOO'^o  for 
light-scattering  cross-section  SPC.''  Refractive  index  effects  for 
ratio-type  SPC  have  been  studied  extensively'’"'"  and  it  was  found 
that  maximum  sizing  errors  in  a  similar  application  will  be  20  to 
TO'Fq.  The  PSI  has  a  comparable  dependence  on  refractive  index  if 
the  complete  wave  solution  is  considered.  If  a  forward  scatter  PSI 
geometry  is  utilized,  uncertainties  on  the  order  of  20  to  .30'’'o  are  at¬ 
tributable  to  unknown  refractive  index."  However,  for  a  backscat- 
tcr  geometry  the  errors  can  become  much  larger''’’"  (more  than 
l(X)®'o)  which  is  understandable  since  back-scattered  light  (reOec- 
tion  and  refraction)  is  highly  dependent  on  the  optical  properties  of 
the  particle.  A  refractive  scatter  PSI  is  somewhat  sensitive  to  refrac¬ 
tive  index,  and  a  measurement  uncertainty  of  •  6“o  is  reported" 
for  a  range  of  nonabsorbing  liquids  typical  of  sprays.  However,  if 
Ihc  droplets  have  some  absorption  the  errors  in  a  refractive  scatter 
PSI  can  become  extremely  large;  in  that  case  a  rcneciive  scatter 
geometry  would  be  required.'' 

Lxiinclion  SPC'  are  highly  sensitive  lo  refractive  index. '•  with 
errors  of  5()()"o  possible  for  unknown  particle  compositions.  It  it  is 
known  that  the  aerosol  is  either  absorbing  or  not.  these  errors  can 
be  reduced  considerably,  down  to  the  range  iil  ^0  tii  I0(l"ii,  1  he 
dependence  of  extinction  counter  response  vui  the  complex  lelrac- 
tive  index  is  much  stronger  Ilian  lor  lalio  or  cross  secliv’u  lighi  scal- 
lermg  SPC  . 

In  siimmarv.  the  ellecis  ol  unknown  relr.iclive  uulex  on  s|>(' 
response  are  relaiivelv  easv  lo  prevlicl  iheoreiicallv  iloi  sphenc.il 
panicles)  and  are  leasvmablv  well  undeisioiiil.  Some  cx|ienmenlal 
siudies  have  confirmed  the  picvlisiunis  I’oienii.il  .tioi-  r.mge 
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from  10%  up  to  100%  or  more  depending  on  the  approach.  The 
forward  scatter  arrangement  of  most  SPC  capable  of  in  situ 
analysis  minimizes  this  problem. 

4.  CONCLUSIONS 

Laser-based  single  particle  counters  show  excellent  potential  for  ap¬ 
plications  requiring  in  situ,  nearly  real  time  sizing  of  particles  in 
hostile  environments.  A  number  of  instrument  concepts  have  been 
proposed  and  they  are  generally  in  the  advanced  development  or 
early  application  stages.  Several  successful  field  tests  have  been 
made  and  it  is  clear  that  in  situ  particle  analyzers  will  have  a  very 
important  impact  on  process  steam  monitoring  in  the  future. 
There  are,  however,  several  characteristics  of  single  particle  counter 
in  situ  performance  which  need  further  clarification  and  research. 
Future  work  on  laser  instruments  for  in  situ  particle  sizing  should 
follow  two  parallel  paths.  First,  testing  of  the  instruments  in  the 
hostile  environments  encountered  in  the  field  should  be  pursued. 
Second,  further  laboratory  research  should  be  directed  toward 
characterizing  and  modeling  the  instruments’  in  situ  performance 
in  these  real  environments  where  nonspherical,  polydisperse  par¬ 
ticles  of  unknown  refractive  index  will  be  encountered. 
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